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ABSTRACT 
 
Copper is recovered from copper concentrates by smelting to form copper matte, which is a 
mixture of FeS and Cu2S.  Molten copper matte is then oxidised at 1300 
o
C in a process 
known as “converting“ to produce impure molten copper (known as blister copper), molten 
slag and hot waste gas.  The composition of the slag depends on the fluxes added to the 
converter and is a very important process variable. 
 
Iron silicate (FeOx-SiO2) slag forms when silica (SiO2) is used as the flux and has been 
traditionally used for copper converting, but it has some disadvantages. Calcium ferrite 
(FeOx-CaO) slag forms when CaO is used as the flux and was pioneered by Mitsubishi for 
their continuous converting process.  It offers significant benefits over iron silicate slag but 
unfortunately is very aggressive towards the magnesia-chrome refractories used to line the 
converter.  Ferrous calcium silicate (FCS) slags (FeOx-CaO-SiO2) have been proposed by 
Yazawa as a good compromise for copper converting and it has been shown that they attack 
refractories to a much lesser extent than calcium ferrite slag.  However, there are other 
properties of slags that affect their suitability for commercial implementation.  One of them is 
the ability of the slag to absorb unwanted minor elements from the molten copper. 
 
Changing to a new slag system entails considerable cost and significant process risk.  Before a 
new slag system can be considered for implementation in copper converting, its properties 
therefore need to be confirmed by careful and rigorous experimentation. 
 
The way in which lead, tin, nickel and antimony distribute between molten copper and FCS 
slags has been determined, but the behaviour of bismuth has never been studied.  Bismuth in 
copper anodes causes serious process problems in the electrorefinery, while bismuth in 
finished copper products adversely affects their mechanical properties.   
 
In this project the distribution ratio of bismuth between copper and FCS slags in the copper-
saturated FeOx-CaO-SiO2 system at 1300 
o
C and an oxygen partial pressure of 10
-6
 atm was 
determined by three-phase equilibration studies in which the concentration of bismuth in both 
slag and copper was kept very small.  These conditions were chosen as representative of those 
applying during continuous copper converting. 
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A preliminary literature review found that there was no agreement in the literature regarding 
the form in which bismuth dissolves into slag.  After considering all of the available evidence, 
it was concluded that bismuth is present as Bi
3+
 i.e. BiO1.5 in FCS slags under copper 
converting conditions.  Similarly, the reported activity coefficient of bismuth in copper, γoBi, 
at 1300 ºC varied over a wide range, but it was concluded that a value of 2.26 was most likely 
to be correct. 
 
Many experimental difficulties were encountered, as expected when very corrosive molten 
materials must be contained at very high temperatures.  The range of slag compositions able 
to be studied was limited by the interaction of the slag with the magnesia crucibles used at 
high Fe/SiO2 (w/w) ratios and by the formation of disintegrating slags at very high CaO 
contents.  Copper entrainment in slag affected the measurements of the bismuth distribution 
ratio and caused difficulties during data analysis.  
 
It is determined that the slag/metal bismuth distribution ratio, LBi
s/m
, depends on the Fe/SiO2 
(w/w) ratio of the FCS slag, decreasing as the Fe/SiO2 (w/w) ratio increases.  It also depends 
on the CaO content of the slag, decreasing as the CaO content increases.  The calculated 
distribution ratios were plotted in the form of iso-LBi
s/m
 lines on the copper-saturated FeOx-
CaO-SiO2 phase diagram presented in the form introduced by Kongoli et al.  
 
The activity coefficient of BiO1.5 was then calculated from the distribution ratio data and was 
also presented as iso-γBiO1.5 lines on the Kongoli form of the copper-saturated FeOx-CaO-SiO2 
phase diagram.  The trend of the iso-BiO1.5 lines with composition were compared to the 
behaviour of known acidic (AsO1.5), basic (PbO) and neutral (SnO, CuO0.5) oxides.  It was 
concluded that BiO1.5 behaves in slags essentially as a neutral metal oxide, although with 
more basic character than either SnO or CuO0.5.   
 
The calculated activity coefficients of BiO1.5 were finally used in a computational 
thermodynamics model of the Kennecott flash converting furnace to predict the distribution of 
bismuth between copper, slag and gas for two FCS slag compositions.  The predicted bismuth 
distributions were compared to that found when calcium ferrite slag is used.  It was found that 
using FCS slags increased the recovery of copper to the blister copper, but much less than 
would be expected from the large increase in the activity coefficient of CuO0.5 compared to 
calcium ferrite slag.  The reason for this is that FCS slags require the addition of large 
amounts of both SiO2 and CaO fluxes and this greatly increases the slag mass.  The increased 
- 3 - 
 
slag mass also results in less bismuth reporting to the blister copper despite the rather small 
change in the activity coefficient of BiO1.5 in FCS slags.  This reduction in bismuth carry-over 
to the copper electrorefinery is beneficial but is offset by the large slag mass, which when 
recycled to the flash smelter causes a very significant reduction in the throughput of the 
smelter as a whole.  It was concluded that changing from calcium ferrite slag to FCS slag for 
continuous copper converting was very unlikely to be a commercially attractive option. 
 
The innovative aspect of this work is that the distribution behaviour of bismuth between 
copper and FCS slags has been determined for the first time.  It has enabled the activity 
coefficient of BiO1.5 to be mapped over a range of compositions in the copper-saturated FeOx-
CaO-SiO2 system and for the acid/base character of BiO1.5 to be determined.  This new 
information has added to the body of knowledge relating to the important topic of slag 
chemical properties and provides metallurgists with the ability to predict the behaviour of 
bismuth during copper converting as a function of changes to process conditions, and 
especially to changes in slag composition. 
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CHAPTER 1 
 
INTRODUCTION 
 
Copper concentrates are most often processed to copper using pyrometallurgical methods in 
which sulphide concentrates are reacted with oxygen and fluxes.  In the first stage, known as 
“smelting”, copper concentrates together with silica are partially oxidised to a molten FeS-
Cu2S phase termed “matte” and a molten oxidic FeO-SiO2 phase termed “iron silicate slag’.  
The aim of the first stage is to oxidise much of the iron, rejecting it to the slag, while 
oxidising the minimum of copper so that copper recovery to the matte is very high.  In the 
second stage, known as “converting”, the matte is oxidised to remove all of the remaining 
iron, and almost all of the sulphur, to form molten impure copper and slag.  There is 
significant oxidation of copper to the slag, so it is recycled to the smelting stage.  
 
There are a variety of technologies used for smelting and converting, but they all fall into two 
broad categories: 
 
1. bath processes, in which oxidation reactions take place within the molten phases in the 
furnace; 
2. flash processes, in which most oxidation takes place within the gas phase. 
 
Generally, flash processes are restricted to the smelting stage while bath processes are used 
for both smelting and converting.  All modern smelting processes are continuous, but 
converting has traditionally been a batch process.  This combination was developed to 
maximise the recovery of copper while also producing copper of an acceptable grade.  
However, batch converting has significant process disadvantages.  It produces a waste gas of 
variable volumetric flow rate, temperature and sulphur dioxide content – all of which 
adversely affect the capture of sulphur as sulphuric acid.  The refractories also experience 
temperature cycling which reduces their lifetime.  Finally, batch converting does not fully 
utilise the capacity of the furnace because time is spent both in charging the converter with 
matte and in removing molten slag and copper. 
 
In recent years, continuous copper converting has been introduced and has brought with it 
many process benefits.  Most of these processes involve oxidation in the molten bath, as 
typified by the Mitsubishi process.  However, there is one notable exception which uses the 
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flash mode of oxidation.  The Kennecott Utah Copper Corporation (KUCC) in the United 
States has a unique flash furnace for continuously converting copper matte to crude “blister” 
copper.  Copper matte from a flash furnace is granulated and ground, then fed to a second 
flash furnace for converting to copper.  George et al. (1995) outlined that the major attraction 
of this process route is that excellent capture of sulphur dioxide is possible, and this is a strict 
legal requirement in the State of Utah.  The KUCC flash converter utilises a highly oxygen-
enriched air blast to achieve high productivity and, as a result, produces a waste gas which 
contains a very high concentration of sulphur dioxide at constant temperature and flow rate.  
This enables very efficient sulphur capture from the waste gas stream and therefore a very 
high concentration of sulphur dioxide in the tail gas that is vented to the atmosphere.  There is 
the added benefit with this flowsheet that the two flash furnaces are separated by a granulated 
matte stockpile and this allows either furnace to be shutdown for maintenance without 
stopping the other furnace. 
 
Continuous copper converting, unlike batch converting, requires a slag that can hold a large 
amount of oxidised iron at the high oxygen partial pressure needed for copper-making.  
KUCC uses a slag known as “calcium ferrite”, based on the system CaO-FeOx-Cu2O, to 
minimise the precipitation of magnetite Fe3O4 from the slag and the subsequent risk of slag 
foaming.  The use of CaO as a flux was pioneered by Mitsubshi for their top-lanced bath 
converting process.  While calcium ferrite slag has many advantages, it is aggressive towards 
the furnace refractories and this could eventually result in leakage of slag from the furnace 
and a low overall furnace lifetime.  For this reason, a small amount of magnetite precipitation 
is induced by a careful choice of slag composition so that the magnetite forms a layer over the 
refractory bricks and helps protect them. 
 
A slag which retains the advantages of calcium ferrite slag but is less aggressive towards 
furnace refractories would be very beneficial for continuous copper converting.  Yazawa et al. 
(1994) proposed that a slag whose composition is between that of iron silicate and calcium 
ferrite should not cause significant damage to the refractories as a consequence of an 
anticipated higher viscosity than that of calcium ferrite slag.  This new slag was termed 
“ferrous calcium silicate (FCS)”. 
 
Another important issue in copper smelting is that of controlling copper metal quality and the 
levels of dangerous elements in smelter waste products.  This has become increasingly 
difficult as smelters are faced with declining ore quality and increasing ore complexity.  As 
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ores are mined from deeper in the earth, they often contain less of the main metal and higher 
amounts of minor elements,  some of which may not have been present in sufficient amounts 
to be of concern in ores mined from shallower depths.  
 
It follows that an essential function of a slag is that it facilitate the removal of minor element 
impurities from the molten copper.  Iron silicate slag is regarded as having acidic properties 
and therefore absorbs basic oxides of minor elements very well e.g. lead oxide.  Calcium 
ferrite slag is basic in character and so absorbs acidic oxides very well e.g. arsenic oxide.  
Some minor element oxides are neutral and so both slags behave similarly towards them.  
Yazawa et.al. (1994) predicted that FCS slag would also have the ability to adequately 
remove elements which had acidic, basic and neutral oxides from copper.  
 
Changing to a new slag system entails considerable cost and significant process risk.  Before a 
new slag system can be considered for implementation in copper converting its predicted 
properties therefore need to be confirmed by rigorous experiments.  Kaur (2007) found that 
FCS was, as anticipated, much less aggressive towards furnace refractories than calcium 
ferrite slag.  Kaur et al. (2009) also examined the distribution behaviour of three 
representative minor elements: lead, antimony and nickel.  They found that FCS slag was 
about twice as effective as calcium ferrite slag at absorbing lead oxide, but very similar to 
calcium ferrite slags with respect to antimony and nickel oxides. However, FCS was almost 
five times poorer than iron silicate slag for absorbing lead oxide; a little poorer for nickel 
oxide; but almost four times better for antimony oxide.  They concluded that in comparison to 
calcium ferrite slag, FCS slag had overall satisfactory properties with regard to minor element 
distributions.   
 
An important minor element whose distribution behaviour between copper and FCS slag has 
not been studied is bismuth.   Bismuth is a deleterious impurity in copper.  Dies (1967) stated 
that a bismuth content of as low as 0.005% causes hot-shortness of copper.  Hanson and Ford 
(1927) stated that embrittlement had been observed in copper containing bismuth contents up 
to 0.1%, noting that copper containing bismuth cracked at the first pass of rolling when 
making copper sheets.  Stahl (1925) cited an earlier work by Hampe, who found that a 
bismuth content of 0.05% caused cold fracturing of copper and noted that copper with 0.1% 
bismuth had been regarded as unusable as edge cracking had been observed during 
hammering.  
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In this project the slag/copper distribution behaviour of bismuth for iron silicate and calcium 
ferrite slags was reviewed – as was the thermodynamics of minor element distribution.  It was 
noted that there was general agreement that bismuth distributed preferentially to copper under 
converting conditions, although the value of the distribution ratio was the subject of dispute.  
The nature of bismuth oxide in slags was also the subject of disagreement.  Early work 
suggested that bismuth was present as neutral bismuth atoms in slag, but this was later refuted 
and there is now confidence that under converting conditions bismuth is present as BiO1.5. 
 
The focus in this project is on mapping the value of the bismuth distribution ratio as a 
function of composition within the copper-saturated FeOx-CaO-SiO2 system at 1300 
o
C and 
under an oxygen partial pressure of 10
-6
 atm.  These conditions were chosen because they are 
representative of those applicable to continuous copper converting.  The results will be used 
to infer whether BiO1.5 behaves as an acidic, basic or neutral oxide in these slags. 
 
The results will also be used to determine the activity coefficient of BiO1.5 in these slags.  
This requires that the activity coefficient of bismuth in molten copper be known.  A literature 
survey confirmed that there was generally good agreement on an appropriate value to be used 
in calculations. 
 
Finally, the calculated activity coefficient of BiO1.5 will be used in a computational 
thermodynamics model of continuous copper converting.  This model will be used to explore 
the relative distribution of bismuth between the waste gas, slag and copper as a function of the 
amount of oxygen supplied per tonne of copper matte. 
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CHAPTER 2  
 
LITERATURE REVIEW 
 
The work in this thesis concerns the distribution of the minor element bismuth between 
molten copper and slags in the FeOx-CaO-SiO2 slag system under copper converting 
conditions. This literature survey firstly places the work in its industrial context by briefly 
reviewing copper smelting and converting technology. It then reviews the thermodynamic 
basis of copper smelting and converting, both in a basic manner and then through the 
powerful Yazawa chemical potential diagram approach. 
 
The phase equilibria of relevant slag systems are then reviewed to a sufficient depth for this 
work, with the emphasis being on the definition of the liquidus fields. The Kongoli form of 
phase diagram for the copper-saturated FeOx-CaO-SiO2 system is examined as this is 
fundamental to this thesis. The acid-base nature of slags is reviewed because this provides a 
basis for rationalizing the behaviour of minor metal oxides in slags. 
 
The thermodynamics of the distribution of minor elements between a molten metal and a slag 
are reviewed and relationships are derived which facilitate the presentation and interpretation 
of distribution data. 
 
The distribution of bismuth between copper and copper smelting slags is next critically 
reviewed in depth because this is the focus of this thesis. The review includes consideration of 
the speciation of bismuth oxide in slags at high oxygen partial pressures, which must be 
known if thermodynamic data for the relevant bismuth oxide is to be calculated. Also 
essential is a value of the activity coefficient of bismuth in molten copper, so this is critically 
reviewed. Finally, published work relating to the activity coefficient of BiO1.5 in slags is 
examined in detail. 
 
2.1 Copper Pyrometallurgy 
 
Copper ores occur naturally as mixtures of copper-bearing minerals and gangue minerals 
(Butts, 1954). The copper-bearing minerals are mainly in the form of sulphides, which include 
chalcopyrite (CuFeS2), bornite (Cu5FeS4), and chalcocite (Cu2S) with copper concentrations 
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in their ores ranging from 0.5 wt% (open pit mines) to 1 or 2 wt% (underground mines). 
Copper can also be found in oxidized minerals such as carbonates, oxides, silicates, and 
sulphates, but these are much less commonly used as ores (Biswas and Davenport, 2002). 
 
Biswas and Davenport (2002) reported that approximately 90% of the world’s primary copper 
originates from sulphide ores, and in almost all cases the copper is extracted by means of 
pyrometallurgical techniques i.e. matte smelting, and converting to blister copper. 
 
The amount of copper minerals in ores is small. In other words, there are many other minerals 
(gangue) in the ore. Directly smelting ore to copper would involve too much energy wastage 
and require huge smelting furnace capacity. Due to these reasons, the ores undergo 
preparatory operations prior to smelting. There are two main steps, as follows: 
 
(a) comminution, where the large lumps of ore are crushed to manageable sized pieces by 
applying compressive forces in jaw or gyratory crushers and wet grinding in rod and ball 
mills (Sinnott, 1999). Comminution liberates the copper minerals from the gangue.  
 
(b) froth flotation, where ground ores are suspended in water and air bubbles adhere to the 
particles of copper sulphide minerals and bring them up to the surface (with the aid of 
frothing agents). The mineral-laden froth is then removed (Sinnott, 1999). Following froth 
flotation, the wet product is dewatered in large thickeners. 
 
Roasting is a partial oxidation of copper sulphide concentrates with air, with the purpose of 
drying and heating the charge and increasing the concentration of copper in the subsequent 
smelting product (Biswas and Davenport, 2002). Elimination of some impurities also occurs 
at this stage, as well as conversion of sulphur to sulphur dioxide (West, 1982). It is often an 
autogenous process, which means that the heat of oxidation is sufficient to keep the material 
at the desired temperature. If for some reason there is insufficient heat, however, extra heat 
must be added via some form of fuel. This may be natural gas, fuel oil, or pulverized coal. 
Roasting results in some elimination of sulphur and iron and leads to a smelting product 
(matte) which is of considerably higher copper grade than the original concentrate (Biswas 
and Davenport, 2002). 
 
Copper smelting is the next step where the roasted concentrate is processed to form a liquid 
sulphide (matte) phase which contains, ideally, all the copper of the charge and a separate 
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liquid slag phase free of copper. This can be achieved by melting the charge at about 1200 
o
C 
with silica flux. When the slag is silica saturated, maximum immiscibility will occur and 
silica, alumina, iron oxides, lime, and other minor oxides form molten slag, whilst copper 
sulphide, iron sulphide and the precious metals form matte. Owing to the lower density of the 
slag, it will position itself on top of the matte and can be easily tapped off separately. If the 
conditions are too oxidizing, magnetite (Fe3O4) could form. This is undesirable as it creates a 
viscous slag and consequently hinders the separation of matte from slag (Biswas and 
Davenport, 2002). The matte will contain from 45-75 wt% Cu. On the other hand, slag is 
either discarded directly or after a copper recovery step.  
 
In modern copper pyrometallurgy, roasting and smelting are carried out in the same furnace. 
This allows the heat released by oxidation to be utilized for smelting, therefore resulting in 
fuel savings. Sulphur dioxide is also formed in only one furnace and so its collection without 
leakage to the environment is facilitated. 
 
Copper converting is the final step in producing blister copper, where the matte from the 
previous smelting step is further oxidized. Air is blown into the matte in order to remove iron, 
sulphur, and other impurities, resulting in the production of blister copper (99 wt% Cu). 
Biswas and Davenport (2002) divide converting into two consecutive stages as follows: 
 
(a) slag-forming stage: FeS is oxidized to FeO, Fe3O4, and SO2. Silica is once again 
introduced in order to combine with the FeO and part of the Fe3O4 to form liquid slag. 
The slag-forming stage is finished when the FeS in the matte has been almost completely 
oxidized. The liquid fayalite (2FeO.SiO2) slag, saturated with magnetite, is poured off at 
various times during slag-forming. The principal product of this stage is impure liquid 
Cu2S known as ‘white metal’. 
 
(b) copper-making stage: the remaining sulphur is oxidized to sulphur dioxide. Copper is 
not appreciably oxidized by air until it is almost free of sulphur, thus the blister copper 
produced is low in sulphur but somewhat higher in oxygen content. 
 
Finally, blister copper must be refined by the controlled blowing of air to oxidize further 
sulphur, but the copper then becomes almost saturated with oxygen. The copper must 
therefore be deoxidized by blowing hydrocarbons or ammonia through the molten copper. 
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2.1.1 Technology 
 
Processes used in copper pyrometallurgy can be divided according to whether they are 
smelting or converting – and subdivided according to whether the oxidation reactions take 
place within the molten bath or in the gas phase. 
 
a) Bath Smelting 
 
 i) Reverberatory furnace 
 
The traditional way to smelt roasted copper concentrates was in a reverberatory furnace.  The 
reverberatory is a fuel-fired hearth in which concentrates and flux are melted at about 1200 
o
C 
to produce separate layers of liquid matte and slag. They used to be extensively utilised due to 
their versatility. Biswas and Davenport (2002) reported that the heat for smelting is provided 
by burning fuel in the furnace and by passing the hot combustion gases over the charge, 
allowing all types of material, lumpy or fine, wet or dry, to be readily smelted. However, 
reverberatory smelting makes little use of the energy potentially available from sulphide and 
iron oxidation for heating and melting. Riekkola-Vanhanen (1999) mentioned that it also 
produces large quantities of fossil fuel combustion gases containing about 1% SO2. Gases 
with such a low concentration of SO2 are difficult to treat for sulphur recovery and this causes 
an air pollution problem. Due to these drawbacks, reverberatory furnaces have been replaced 
by other smelting methods. Riekkola-Vanhanen (1999) reported that the last reverberatory 
furnace for copper smelting was built in 1976.  
 
 
Figure 2.1.1 Reverberatory furnace (Biswas and Davenport, 2002) 
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 ii) Noranda process 
 
The Noranda Process employs a single rotating cylindrical furnace with many submerged 
tuyeres through which air or oxygen-enriched air is introduced into the matte layer. It 
approximates to a well-mixed reactor due to the resulting intense turbulence. This process is 
energy efficient and able to smelt a broad range of copper-bearing materials such as sulphide 
concentrates, scrap, and recycled substances. Essentially, as pointed out by Moskalyk and 
Alfantazi (2003), it can smelt a wide range of recycled materials, complex concentrates and 
secondary feed such as industrial waste, electronic scrap, and metal-bearing residues. 
Concentrates and flux are directly injected into the highly turbulent bath above the tuyeres, 
resulting in very efficient heat and mass transfer. It is speculated by Kellogg (1974) to be the 
design feature responsible for the high specific capacity, hence low fuel consumption and low 
capital investment per unit of capacity. Other advantages of the Noranda process include its 
ability to keep magnetite suspended in low-silica slag and the ability of collecting an off-gas 
of high SO2 concentration despite the variations in feed composition and supply. As such, the 
collected SO2 is suitable for the manufacture of sulphuric acid.  However, due to a large 
amount of air infiltration at the hood, a large gas cleaning system is necessary.  
 
 
Figure 2.1.2 Noranda reactor (Moskalyk and Alfantazi, 2003) 
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 iii) Isasmelt/Ausmelt process 
 
Isasmelt and Ausmelt are the same process in concept, although they are marketed by 
different companies. There are only minor technical differences between the two, mostly 
relating to lance design. This process has high smelting rates due to the submerged 
combustion lance which injects oxygen-enriched air to form a highly turbulent bath within a 
refractory-lined cylindrical stationary furnace to which moist pelletised feed is charged 
continuously. Biswas and Davenport (2002) explained that the Isasmelt lance consists of a 
stainless steel outer pipe for oxygen-enriched air which is immersed in the slag, and a steel 
inner pipe for oil or natural gas which terminates about one metre above the slag surface. As 
oxygen-enriched air blows through the annulus between the pipes, heat from the outside pipe 
is extracted, causing a slag layer to freeze on the pipe surface. The frozen slag protects the 
lance from severe chemical attack and physical abrasion. The lance needs to be slowly 
lowered to compensate for erosion, until the lance eventually needs to be replaced. Isasmelt 
furnace off-gases contain approximately 35% SO2, and are directed through a waste heat 
boiler followed by gas cleaning and then to an acid plant for SO2 fixation.  As most of the 
energy for smelting comes from oxidation of the concentrate, fuel consumption is low, 
making this process very energy-efficient. Although the furnace and ancillaries require a 
relatively tall building, their foot-print is small, making it a preferred technology for 
companies with a land-constraint issue. Due to the high turbulence within the furnace, a 
separate settling furnace is required in order to achieve matte and slag separation. 
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Figure 2.1.3 Isasmelt furnace (Biswas and Davenport, 2002) 
 
 
iv) Vanyukov process 
 
The Vanyukov process is a submerged tuyere smelting process employing a rectangular 
stationary furnace. Biswas and Davenport (2002) reported that moist concentrates are charged 
through two roof ports in the furnace and highly oxygen-enriched air (70-90% O2) is blown 
through tuyeres into the slag layer. Moskalyk and Alfantazi (2003) pointed out the difference 
between this and other smelting processes is that the oxidising gas is injected directly into the 
foaming upper slag layer rather than into the matte layer. This results in a very large area for 
oxidation reactions, although the level of foaming may be difficult to control. Both molten 
matte and slag are continuously syphoned from the furnace. The matte is then sent to 
conventional Peirce-Smith converters.  The stationary nature of the Vanyukov furnace makes 
SO2 capture both simple and efficient.  
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Figure 2.1.4 Vanyukov furnace (Biswas and Davenport, 2002) 
 
 
v) Mitsubishi process 
 
The Mitsubishi process employs three furnaces interconnected via heated and covered 
launders. It includes a smelting furnace (S-furnace) followed by a slag cleaning furnace (CL-
furnace) featuring a slag overflow and a matte siphon which directs the molten copper to the 
converting furnace (C-furnace).  
 
 
Figure 2.1.5 Mitsubishi Process (Tanaka, Iida, and Takeda, 2003) 
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Concentrates mixed with fluxes are rapidly melted as they are injected through multiple top 
blowing consumable lances with oxygen-enriched air (26% O2) into the S-furnace. The 
resulting high-grade matte (65 wt% Cu) is next treated in the C-furnace to produce blister 
copper while the slag is recycled to the S-furnace. The matte flow rate to the C-furnace is 
constant as the bath levels in the smelting and converting furnaces are fixed by overflow weirs 
and the matte production is governed by the concentrate feed rate.  
 
b) Flash smelting 
 
 Outokumpu flash smelting 
 
Biswas and Davenport (2002) described flash smelting as the blowing of dry concentrates 
together with oxygen, hot air, or a mixture of both, into a hot hearth furnace. Once in the 
furnace, the sulphide particles react rapidly with the oxidising gases. This results in a 
controlled partial oxidation of the concentrates and a large evolution of heat. The melted 
droplets which consist of both matte and slag fall onto the slag layer. The matte drops settle 
through the slag to form the matte layer. 
 
 
 
Figure 2.1.6 Outokumpu Flash-smelting Furnace (Biswas and Davenport, 2002) 
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The heat evolved from oxidising part of the sulphide charge provides much or all of the 
energy required for smelting, so reducing fuel consumption. This is the principal advantage of 
flash smelting and is why it has replaced reverberatory smelting. A relatively small amount of 
supplemental hydrocarbon fuel is also utilised to maintain furnace temperature, which would 
otherwise fluctuate depending on the amount of feed charged into the furnace.   
 
This process is excellent from an environmental viewpoint as it produces SO2-rich (>10% 
SO2) waste gases from which the SO2 can be efficiently removed as sulphuric acid, liquid 
SO2, or elemental sulphur. However, due to its feed being dry particles, dust carryover is 
significant. Slag produced in a flash furnace contains rather high copper content and 
consequently needs to be processed to increase copper recovery. 
 
c)  Bath Converting 
 
 i) Peirce-Smith batch converting 
 
Peirce-Smith converting is a two-stage process and has been used for over 100 years. In the 
first stage, air is blown directly into the molten matte through submerged tuyeres to oxidise 
iron sulphide to produce sulphur dioxide gas and iron oxide (FeO). Silica flux is added to 
generate iron silicate slag similar to that in the matte smelter. Using a rotating mechanism, the 
slag is then skimmed from the converter, leaving almost pure Cu2S (white metal) with less 
than 2 wt% iron. The slag is then recycled back to a smelting furnace to recover most of the 
copper content of the slag. As illustrated in Figure 2.1.8, the rotating mechanism of a Peirce-
Smith converter allows it to be positioned for charging, blowing, and skimming/pouring. 
Once slag is skimmed, there is only a minimal amount of iron left in the converter and so iron 
silicate slag need no longer be produced. The second stage then takes place where the white 
metal is oxidised to generate blister copper containing approximately 0.02 wt% sulphur and 
0.6 wt% oxygen.  
 
The continuing popularity of the Peirce-Smith converter is due to its simplicity of operation, 
high oxygen utilisation efficiency and proven technology. However, being a batch process, it 
leaks sulphur dioxide off-gas between batches and also sends a flow of sulphur dioxide which 
varies in flowrate, temperature and SO2 content to the sulphuric acid plant. This lowers the 
efficiency of sulphur capture. It also requires a lot of crane time for inputs/outputs, which 
creates operational problems related to crane management. The campaign life of the magnesia 
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or chrome-magnesia refractory bricks is compromised by the temperature cycling of such a 
batch process.  
 
Figure 2.1.7 Peirce-Smith converter (Boldt and Queneau, 1967) 
 
 
 
Figure 2.1.8 Charging, blowing, and skimming in the Peirce-Smith converter (Boldt and 
Queneau, 1967) 
 
ii) the Mitsubishi process 
 
Mitsubishi’s circular C-furnace contains 8 to 10 lances through which 35-40% O2 is blown 
into the furnace (George, 2002). Matte is continuously oxidised to produce blister copper and 
slag while at the same time being replenished with matte flowing from the S-furnace. The 
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Mitsubishi process uses CaO flux instead of silica, resulting in the formation of basic calcium 
ferrite slag in the C-furnace. The main advantage of using such a slag compared to iron 
silicate slag is its higher holding capacity of magnetite. Precipitation of magnetite is 
undesirable as it results in a solid particle suspension in the slag which causes an increase in 
slag viscosity and entrained copper loss. Due to its low viscosity, this slag also avoids the 
foaming problems normally associated with iron silicate slag operating at high oxygen partial 
pressures with large gas volumes passing through it. Unfortunately, the slag is highly 
corrosive to the refractory and this corrosion is increased by the high degree of bath agitation 
induced by the multiple top-blowing lances. The calcium ferrite slag contains over 20% 
copper and so must be recycled to the smelting furnace. 
 
iii)  Ausmelt semi-batch converting 
 
Ausmelt has a converting process which has been widely adopted, but Isasmelt does not yet 
offer converting. The Ausmelt converting reactor is identical to that used for smelting. Molten 
matte or granulated matte and flux are fed continuously to the reactor and oxidised by air 
introduced through a single swirled lance to form Cu2S and iron silicate slag. Coal is added 
from time to time to reduce any magnetite formed within the reactor. The slag, containing 
around 5 wt% Cu, is tapped, granulated, and recycled to increase copper recovery. When the 
molten bath of Cu2S accumulates to a large enough mass, the process reverts to a batch 
operation. The molten Cu2S is oxidised to copper without fluxes, similar to the second-stage 
of a Peirce-Smith converter. The copper is then tapped out and a very small amount of slag is 
retained to protect the lance at the start of the next cycle.  This slag is highly oxidised, so must 
be reduced before matte flow resumes. 
 
Ausmelt offers a continuous converting process called C3, using a lime-enriched iron silicate 
slag, but this has yet to be applied commercially. 
 
iv) Noranda continuous converting 
 
The Noranda converting reactor is similar in shape and construction to the conventional 
Peirce-Smith converter. It is a rotary furnace where air or oxygen-enriched air is introduced 
into the matte layer via tuyeres that remain submerged during the entire process. Biswas and 
Davenport (2002) reported that a gas containing 8 to 15% SO2 is produced. The unique 
feature of the Noranda process is that only sufficient oxygen is provided to produce copper in 
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equilibrium with molten Cu2S i.e. there are three molten layers coexisting in the reactor. The 
blister copper is tapped into ladles and transferred using cranes. There are problems with 
fugitive gas emissions from the reactor during charging. The main disadvantages of this 
process are that the blister copper is saturated with sulphur (1-2 wt% S), so the copper 
requires a prolonged refining process in the anode furnace, and the impurity content of the 
copper is much higher compared to other processes. 
 
d) Flash converting 
 
Kennecott-Outokumpu flash converting 
 
High grade matte from a flash smelter is granulated, dried, and ground to less than 0.5 wt% 
water and a particle size of 80% minus 100 mesh, which is sufficient for complete reactions in 
the flash converting furnace (Asteljoki, et al., 1985). This step is done directly, without any 
ladle transport of matte, so revert formation rate and emissions into the working atmosphere 
are controlled to a very low level. Once the matte feed is granulated, dried, and ground it can 
be stockpiled or continuously charged to the flash converter. 
 
The matte and limestone flux are fed to a single burner in the reaction shaft of the flash 
converter where matte is oxidised to blister copper and calcium ferrite slag using either pure 
oxygen or up to 70% oxygen-enriched air. Upon entering the reaction shaft, the matte 
particles are heated, ignite, and the oxidizing reactions proceed very quickly. Since the 
reactions in the shaft are mainly exothermic, the process is almost autogenous.  
 
Hanniala et al. (1998) suggested that, due to the fact that granulated matte feed into the flash 
converting furnace contains only a little iron, it is more beneficial to flux the small amount of 
oxidised iron using CaO rather than silica. By doing this, the amount of circulating copper in 
the process is reduced and impurity elimination into the slag is improved. Calcium ferrite slag 
also has a higher holding capacity for magnetite in comparison to iron silicate slag. Also, as 
pointed out by George (2002), the use of low viscosity calcium ferrite slag counters the risk of 
slag-foaming. 
 
The slag composition in the flash converter is controlled to 18 wt% Cu and 16 wt% CaO 
(Hanniala et al., 1998). The copper content of the slag produced in the flash converting 
furnace is relatively high. However, only a small amount of slag is produced. The slag is fed 
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back directly into the flash smelting furnace either in the molten state or in granulated form. 
The slag can also be treated separately for copper recovery.  
 
The resulting blister copper containing 0.1-0.5 wt% sulphur is then laundered to the anode 
furnace for refining prior to casting (Newman et al., 1998).  
 
The flash converter produces SO2-rich gas and the volume is small due to the utilisation of 
high oxygen-enrichment, making the process the cleanest in the world in terms of fugitive gas 
emissions (George, 2002).  This off-gas flows continuously through a waste heat boiler for 
energy recovery, then into gas cleaning followed by sulphur recovery in the acid plant. 
2.1.2 Thermodynamic Analysis 
 
The background of pyrometallurgical copper extraction and the related smelting/converting 
technologies have been covered in previous sections. This section discusses the 
thermodynamic principles behind important operations in matte smelting and converting. 
Copper loss to slag and magnetite formation issues will also be thermodynamically explained.  
 
a) Basic Process Thermodynamics 
 
The purpose of smelting is to oxidise sulphide concentrates to form separate layers of matte 
and slag. When chalcopyrite is introduced into the furnace, the following oxidation reactions 
occur: 
 
       gSlFeSlSCusCuFeS 222 424     Equation 2.1.1 
     
     gSOgOgS 222 22       Equation 2.1.2   
  
 
Equation 2.1.1 represents the melting of chalcopyrite concentrate into matte containing copper 
sulphide (Cu2S) and iron sulphide (FeS) while liberating sulphur gas (S2) which is then 
oxidised into sulphur dioxide (SO2) as shown in Equation 2.1.2. 
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Once chalcopyrite is melted, the smelting process takes place, oxidising some FeS to FeO 
with little oxidation of Cu2S. This happens because the standard Gibbs free energy change at 
1300 
o
C for the formation of FeO is a lot more negative than that of Cu2O, as shown below: 
 
      lOCugOlCu 22 24    kJG
o 3.111  Equation 2.1.3 
 
      lFeOgOsFe 22 2    kJG
o 9.328  Equation 2.1.4 
 
Reactions with the most negative standard Gibbs free energy change are favoured over others. 
Hence, in the case of smelting, FeS will be oxidised to FeO and only when the system is 
almost devoid of FeS will Cu2O formation take place. 
 
Complete separation of copper from iron is the desired objective. However, there is Cu2O 
present in the smelting furnace from recycled converting slag. Thus, some iron in the form of 
FeS must remain in the matte to ensure that any Cu2O is converted back to Cu2S, minimising 
copper loss in slag. The following reaction then occurs: 
 
        lSCulFeOlOCulFeS 22     Equation 2.1.5 
 
Cu2O reacts with FeS to revert to Cu2S due to the thermodynamically higher stability of FeO 
compared to FeS and Cu2O. The Gibbs free energy change for the formation of FeS is given 
in Equation 2.1.6. 
 
     lFeSgSsFe 22 2    kJG
o 8.135  Equation 2.1.6 
 
Thus far, it is thermodynamically proven that the valuable copper (in the form of Cu2S) from 
chalcopyrite can be chemically differentiated from iron. However, the FeO formed is soluble 
in matte, forming a single-phase oxysulphide liquid i.e. the shaded area in Figure 2.1.9. 
Separate layers of matte and slag are required to enable physical separation of copper 
(contained in matte) from iron (FeO) so the addition of silica (SiO2) flux into the system is 
required to achieve two immiscible liquid phases as again shown by the partial phase diagram 
for FeS-FeO-SiO2 ternary system below: 
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Figure 2.1.9 Partial phase diagram for FeO-FeS-SiO2 ternary system (Biswas and Davenport, 
2002) 
 
The addition of SiO2 into the furnace will cause phase separation, shown by the miscibility 
gap curve ACB.  As more silica is added, moving towards the right of the diagram, slag and 
matte become more immiscible as shown by the tie-lines on the diagram (from line ‘a’ to line 
‘d’). In other words, as the amount of silica increases, more FeS partitions to the matte and 
more FeO partitions to the slag.   However, there is a limit to how much SiO2 can be added. 
Going past the silica saturation tie-line (shown in Figure 2.1.9 by line ‘d’), any more added 
SiO2 will not dissolve and will only cause an increase in slag volume and viscosity, which in 
turn increases the heat requirement and cost. Therefore, the aim should be to add just enough 
SiO2 to approach silica saturation. 
 
The oxidation of Cu2S to form Cu2O is a concern because Cu2O, being an oxide, can dissolve 
into the slag thereby leading to reduced recovery of copper in matte. However, as shown in 
Equation 2.1.5, the presence of FeS should revert Cu2O back into Cu2S, which will stay in the 
matte phase. Referring to the same equation, the activity of Cu2O can be derived as follow: 
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FeS
SCuFeO
OCu
aK
aa
a 2
2
       Equation 2.1.7 
 
Equation 2.1.7 shows that as the activity of Cu2S increases - that is as matte grade increases 
and therefore activity of FeS decreases - there will be a larger activity of Cu2O in slag i.e. a 
greater amount of copper lost to the slag in the form of Cu2O. In other words, lower matte 
grade would minimise the amount of copper loss to slag. However, when a higher matte grade 
is produced for economic reasons, having a slag cleaning process to recover copper is 
unavoidable. 
 
Aside from copper loss to slag, magnetite formation is another area of concern as it has low 
solubility in slag, causing the separation of fine crystals that leads to an increase in viscosity. 
Viscous slag causes entrainment of matte droplets that in turn leads to an increase in copper 
losses to slag. Also, slag viscosity is ideally kept at a low level to enhance slag flow when 
tapped/skimmed out of the furnace. When magnetite formation is too great, furnace volume 
(capacity) is compromised and it may also cause blockages in tapholes. The magnetite 
formation reaction can be shown as: 
 
      sOFegOlFeO 432 26       Equation 2.1.8 
 
 
 
 
2
43
6
2
OFeO
OFe
pa
a
K        Equation 2.1.9 
  
   Kpaa OFeOOFe 243
3
      Equation 2.1.10 
 
Equation 2.1.8 suggests that any slag containing FeO in contact with oxygen can form 
magnetite. From that oxidation reaction, the equilibrium constant can be expressed as shown 
in Equation 2.1.9. It can be seen that the activity of magnetite is directly proportional to the 
third power of the activity of FeO (refer to Equation 2.1.10). In order to keep magnetite 
(Fe3O4) in the slag, the activity of magnetite must be kept below 1, relative to pure solid 
magnetite. One way to achieve this is to keep the activity of FeO at a minimum i.e. by having 
the slag saturated with silica. Fortunately, this also favours the maximum immiscibility 
between matte and slag. 
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Alternatively, a low activity of magnetite can be achieved by lowering the oxygen partial 
pressure (pO2) or raising the operating temperature to obtain a decreased equilibrium constant 
value. However, increasing the operating temperature would increase costs associated with 
replacing refractories due to increased attack on those refractories, as well as fuel costs. 
 
There are two stages involved in copper converting, being the slag-forming stage and the 
copper-making stage. In the slag-forming stage, the same chemical reaction takes place as that 
in the smelting furnace (see Equation 2.1.5). As the activity of Cu2S approaches unity, large 
copper losses to the slag are unavoidable and therefore recycling converting slag into the 
matte smelting furnace is necessary. The products from the slag-making stage of converting 
are iron silicate slag and white metal. 
 
In the second stage of converting – that is, the copper-making stage, the white metal is further 
oxidised, thus removing sulphur. There are two competing reactions in this stage, as shown 
below: 
 
       gSOlOCugOlSCu 2222
3
2
3
2
3
2
  kJG K
o 1.1511523        Equation 2.1.11 
 
       gSOlCugOlSCu 222 2    kJG K
o 0.1711523        Equation 2.1.12 
 
 
From the Gibbs free energy value given for both reactions, it is clear that at converting 
temperature the favoured reaction is the oxidation of white metal to copper. Figure 2.1.10 
below shows the equilibrium phase diagram for the copper and sulphur binary system. 
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Figure 2.1.10 Cu-S equilibrium phase diagram showing the copper-making reaction path 
(Biswas and Davenport, 2002) 
 
 
Illustrated by point ‘a’ in Figure 2.1.10, when oxygen is first blown through the white metal 
(Cu2S), sulphur is removed as SO2 gas to give a single phase sulphur-deficient white metal 
and no metallic copper. As oxidisation continues until the sulphur content in the molten white 
metal reaches approximately 19.6% (point ‘b’), a metallic copper phase with approximately 
1% sulphur (point ‘c’) is formed. This is because the melt composition enters a miscibility 
gap region where two immiscible liquids coexist in equilibrium. Further blowing of oxygen 
into the white metal causes additional sulphur to be removed and the amount of blister copper 
to increase at the expense of white metal. The proportions of the two melts will change, but 
their compositions will remain the same. Eventually, the sulphide phase disappears leaving 
behind molten copper with only around 1 wt% sulphur. Some further oxidation takes place to 
reduce this sulphur content. The final sulphur is removed by fire refining in the anode furnace, 
although great care must be taken not to over-oxidise the copper to copper oxide. 
 
 
b) The Yazawa chemical potential diagram 
 
Copper smelting and converting processes can be better described thermodynamically by the 
chemical potential diagram for the Cu-Fe-S-O-SiO2 system at 1300 
o
C.  It was constructed by 
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Prof. Akira Yazawa in 1974, and is known as the Yazawa Chemical Potential Diagram, 
shown in Figure 2.1.11 below: 
 
Figure 2.1.11 Yazawa chemical potential diagram for the Cu-Fe-S-O-SiO2 system at 1300 
o
C 
(Yazawa, 1974) 
 
For a given number of components and phases in a system, the Gibbs phase rule shows how 
many variables need to be specified, i.e. the degrees of freedom, in order to fully define the 
system, as shown in Equation 2.1.13 below: 
 
2 FPC      Equation 2.1.13 
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where: C, P and F are the number of components, phases, and degrees of freedom 
respectively. There are five components in a copper smelting/converting process, namely Cu, 
Fe, S, O, and SiO2. The minimum number of phases coexisting in this particular system is 
three: matte (or copper), slag, and gas. The maximum number of degrees of freedom therefore 
is four i.e. four variables need be specified in order to define the copper smelting/converting 
system. 
 
Prof. Yazawa utilised the oxygen potential and the sulphur potential as the axes for the 
diagram and so these are the first two degrees of freedom. The system was also chosen to be 
isothermal, setting the temperature to 1300 
o
C, defining the third degree of freedom. 
Maximum separation of matte and slag takes place at silica saturation, i.e. when slag has a 
fixed composition. At silica saturation, the activity of iron oxide, aFeO, was experimentally 
found to be ≈ 0.3. Since slag composition is fixed for the whole diagram, aFeO must also be 
correspondingly fixed at approximately 0.3, and this fixes the fourth degree of freedom. 
 
The region bounded by points ‘p-q-r-s-t-p’ in Figure 2.1.11 represents the matte stability 
region, where matte and slag liquid phases are in equilibrium with a gas phase. This region is 
limited by: 
 
 stability of FeS, i.e. a matte containing no copper, represented by the line ‘p-q’ 
 formation of iron from matte oxidation, represented by the line ‘q-r’ 
 stability of Cu2S, represented by the line ‘r-s’ 
 magnetite (Fe3O4) saturation of the slag, represented by the line ‘s-t’; and 
 oxygen-enriched air cannot exceed pure oxygen, hence pO2 cannot exceed 1 atm, as 
represented by the line ‘t-p’. 
The lower limit of the matte stability region (line ‘p-q’) is represented by the following major 
reaction:  
       gSlFeOgOlFeS 22 22      Equation 2.1.14 
 
The equilibrium expression for Equation 2.1.14 can be written as: 
 
2
2
2
2
OFeS
SFeO
pa
pa
K 
     
  Equation 2.1.15 
 
By rearranging the above equation and taking logarithms on both sides: 
 
 Kpaap SFeSFeOO logloglog2log2log 22    Equation 2.1.16 
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K is the equilibrium constant at a given temperature (in this case 1300 
o
C) and aFeO is fixed at 
0.3. Hence, the only unknown variable needed to solve for log pO2 in terms of pS2 is aFeS. 
Experimental data for aFeS is needed and is illustrated in Figure 2.1.12 below: 
 
 
Figure 2.1.12 Activity diagram for Cu2S-FeS-FeO system at 1200 
o
C (Yazawa, 1974) 
 
 
Copper-free matte in equilibrium with silica-saturated slag is represented by point ‘Q’ in 
Figure 2.1.12. The value of the activity for iron sulphide, aFeS, is approximately 0.66 at 
aFeO = 0.3. Substitution of the values of K, aFeS, and aFeO into Equation 2.1.16 gives the line 
‘p-q’ in Figure 2.1.11. 
 
Similarly, Equation 2.1.16 can be used to calculate the position of any line with constant 
copper content in matte. Values of aFeS for chosen values of mol% Cu2S (from which wt% Cu 
can be calculated) can be read off Figure 2.1.12 to then be substituted into Equation 2.1.16. 
These lines are located in the matte stability region and are parallel to line ‘p-q’. Essentially, 
moving to the left, the dotted lines parallel to line ‘p-q’ shown in Figure 2.1.11 represent an 
increase of matte grade under the same assumption of the coexistence of silica-saturated iron 
silicate slag. 
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Under extremely low SO2 and O2 partial pressures, solid iron precipitation takes place as 
represented by the line ‘q-r’. However, such low pSO2 and pO2 are not normally experienced in 
commercial matte smelting processes. Along line ‘r-s’, white metal and silicate slag coexist 
with liquid copper. It represents the equilibrium between Cu2S and Cu, as illustrated by the 
following equation: 
 
     lSCugSlCu 22 24       Equation 2.1.17 
 
Copper and Cu2S are in equilibrium at a fixed value of pS2, and this is why the equilibrium 
line is vertical. 
 
Magnetite saturation, where aFe3O4 = 1 relative to pure solid magnetite, is a concern in a 
copper converting process and hence it is included in the chemical potential diagram.  
Magnetite formation is shown by Equation 2.1.9, and by rearranging the equation and take 
logarithms on both sides, Equation 2.1.18 below is obtained: 
   
Kap FeOO loglog6log 2       Equation 2.1.18 
 
Equation 2.1.18 can be solved for magnetite saturation to give a constant value of log pO2, 
which is represented by the horizontal line ‘s-t’ in the chemical potential diagram. Above line 
‘s-t’ the slag will be magnetite-saturated. In the case where slag is not silica-saturated, i.e. 
contains less silica, aFeO rises. As a consequence, the magnetite-saturation line is lowered 
which shows that the risk of forming magnetite during operation is greater. 
 
The last line in the chemical potential diagram limiting the matte stability region corresponds 
to the diagonal line of pSO2 = 1 atm, shown by line ‘p-t’. Sulphur dioxide formation can be 
expressed by Equation 2.1.19 as follows: 
 
      gSOgOgS 222
2
1
      Equation 2.1.19 
 
The relationship between the partial pressure of oxygen, sulphur, and sulphur dioxide is 
expressed by the following reaction: 
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222
log
2
1
logloglog SSOO pKpp     Equation 2.1.20 
 
If the input oxidising gas is specified as pure oxygen, Equation 2.1.20 above can be solved to 
obtain the upper limit line ‘p-t’. However, this particular line is only true for when pure 
oxygen is injected into the furnace which then corresponds to pSO2 = 1 atm. For processes 
where less oxygen-enriched air is used, the upper limit line would be lower but parallel to line 
‘p-t’. The value of pSO2 = 0.1 atm is applicable when air is used in the process instead of pure 
oxygen.    
 
Copper oxide loss to slag can be expressed by Equation 2.1.21 below:  
 
        gSlOCugOlSCu 2222 22     Equation 2.1.21 
 
Rearranging and taking logarithms on both sides, gives: 
 
2222
logloglog2log2log SSCuOCuO pKaap     Equation 2.1.22 
 
Cu2O formation is only significant for high grade mattes where NCu2S is above 0.8, so logaCu2S 
is approximately zero. Lines of aCu2O with values of 0.1, 0.01, and 0.001 are shown on the 
chemical potential diagram. It can be observed from the chemical potential diagram that at 
higher matte grades, i.e. when oxygen potentials are high, the activity of copper oxide 
becomes more significant. 
 
Yazawa’s chemical potential diagram is very useful because it contains all the important 
information necessary for understanding copper smelting and converting in one diagram.  
This can be illustrated by considering a process where air is being used as the oxidising gas. 
Referring to Figure 2.1.11, the gas composition must lie close to the line pSO2 = 0.1 atm. A 
typical copper concentrate has 30 wt% copper and is represented by point ‘A’.  As smelting 
proceeds the matte grade rises to about 70% copper, represented by point ‘B’. At this point 
the copper oxide activity is not significant (less than 0.001).  Thus, slag can be discarded 
without being treated for copper recovery.  Point ‘B’ is well below the magnetite saturation 
line ‘s-t’, hence at this stage magnetite precipitation is not an issue. 
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Point ‘B’ also signifies the beginning of the slag-forming stage of copper converting and 
proceeds along the line of pSO2 = 0.1 atm to point ‘C’. The journey from point ‘B’ to point ‘C’ 
involves a considerable rise in oxygen potential. This corresponds to a significant increase in 
the activity of copper oxide in the slag from below 0.001 to nearly 0.1. The slag would 
contain a significant amount of dissolved copper and hence needs to be recycled to the matte 
smelting furnace to recover the lost copper. At this stage, magnetite activity also rises rapidly, 
reaching close to unity at point ‘C’ indicating the risk of magnetite precipitation in slag. 
 
The copper-making stage starts at point ‘C’ on the chemical potential diagram. In this stage 
white metal is oxidised into blister copper. Although the oxygen potential during copper-
making is close to the magnetite saturation line, the iron content in the white metal is very 
little; therefore the amount of magnetite formed will be minimal. The absence of slag during 
this stage also means that the activity of copper oxide is no longer an issue. When all Cu2S 
(white metal) disappears, the oxygen potential moves from point ‘C’ towards point ‘D’. The 
copper-making stage ends close to point ‘D’. 
 
In the case where pure oxygen is used instead of air, the corresponding partial pressure of SO2 
will be pSO2 = 1 atm. Hence, the upper limit to the Yazawa chemical potential diagram would 
be given by line ‘p-t’. Now, the smelting process is again indicated by progressing from point 
‘A’ to ‘B’, but these points are now along the ‘p-t’ line, parallel to the line for pSO2 = 0.1 atm. 
During smelting, aCu2O in slag remains very low and the system is still safely below magnetite 
saturation limit. In fact, the use of pure oxygen in smelting has become a common practice in 
industry.  
 
Towards the end of the slag-forming stage of converting, from point ‘B’ to ‘C’, the slag 
becomes magnetite-saturated as the process path proceeds above the magnetite saturation line 
‘s-t’. The journey from point ‘B’ to point ‘C’ involves a considerable rise in oxygen potential. 
The activity of copper oxide (aCu2O) in the slag rises from below 0.001 to above 0.1. The slag 
would therefore contain a significant amount of dissolved copper and will need treatment to 
recover copper.  
 
Although pure oxygen is commonly used in smelting, it is not feasible when iron silicate slag 
is employed in the copper converting process. As a result, modern smelters nowadays utilise 
oxygen-enriched air above 40% O2 in order to benefit from having less waste gas and heat to 
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handle while still keeping magnetite saturation under control and producing off-gas 
containing higher % SO2 which makes SO2 recovery easier. 
 
 
2.2 Slag Phase Equilibria 
 
Iron silicate (FeOx-SiO2) slag, also known as fayalite slag, has been traditionally used for 
copper converting and is technologically well established. However, at high oxygen potential, 
the slag becomes viscous, has limited dissolution of magnetite, and low acidic impurity 
removal, which renders it difficult to handle. Calcium ferrite (FeOx-CaO) slag was pioneered 
by Mitsubishi for their continuous converting process and offers significant benefits to the 
traditional iron silicate slag, but is very aggressive towards magnesia-chrome refractories. 
Ferrous calcium silicate (FCS) slags (FeOx-CaO-SiO2) have been proposed to have the merits 
of both iron silicate and calcium ferrite slags (Yazawa et al., 1999). Each of these slag 
systems is discussed in the sections to follow. 
 
2.2.1 FeO-Fe2O3-SiO2 system 
 
Iron silicate slag, as used in the Pierce-Smith converter, has long been the most widely used 
slag system in copper smelting. This slag is not aggressive towards magnesia-chrome 
refractories, but has a satisfactory solubility for magnetite only when it has a high Cu2O 
content. Being an acidic slag, it is effective in removing elements from copper ores containing 
basic oxides e.g. lead.  Minor elements that form acidic oxides, such as arsenic and antimony, 
are ineffectively removed from copper. Iron silicate slag is relatively viscous and this limits 
the slag tapping rate and increases the risk of dangerous slag foaming.   
 
The liquid region in this slag system is shown by isotherms ‘icmk’ in Figure 2.2.1. The liquid 
region is bounded by solid iron, wustite, magnetite, and silica as the precipitating phases 
respectively. 
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Figure 2.2.1 Iso-oxygen partial pressure lines at 1300
o
C for the systems of FeO-Fe2O3-
SiO2. (Yazawa et al., 1981) 
 
The liquid region of iron silicate slag at 1300 
o
C is small and restricted to near the SiO2-FeO 
join (isotherm ‘ic’) where the oxygen partial pressure is from 10-8 to just a little below 10-7 
atm, above which solid magnetite precipitation occurs. This appears to indicate that this slag 
is not appropriate for copper converting where the pO2 is 10
-6
 atm or even higher. However, 
when the slag is in equilibrium with copper metal, the dissolution of Cu2O into the slag 
affects the liquid region of iron silicate slag considerably.  
 
Copper oxide in iron silicate slag increases the liquid region significantly at the magnetite 
saturation boundary. Strong interactions between copper oxide and magnetite to form copper 
ferrites lead to the decreasing activity coefficient of magnetite in the slag (Kongoli et al., 
2008). Consequently, the solubility of magnetite in slag is significantly increased and this 
reduces the risk of magnetite precipitation during copper converting.  
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2.2.2 FeO-Fe2O3-CaO system 
(a) Binary components system 
 
 
Figure 2.2.2 CaO-FeOx system in air (Verein Deutscher Eisenhüttenleute, “Slag Atlas”, 2
nd
 
Edition, Verlag Stahleisen GmbH, Düsseldorf, 1995.) 
 
Shown in Figure 2.2.2 above is the CaO-FeOx system under equilibrium with air, so that the 
oxygen partial pressure is several orders of magnitude higher than that appropriate to copper 
converting. The liquid region has low liquidus temperatures (approximately 1200 
o
C) near the 
region where the calcium ferrite compounds CaO.Fe2O3 and CaO.2Fe2O3 are stable at lower 
temperatures. As a result, this slag system is referred to as “calcium ferrite slag”. When a slag 
containing 20-25 wt% CaO is cooled, the slag will enter the L + 2CaO.Fe2O3 field, therefore 
dicalcium ferrite is the major precipitating phase for calcium ferrite slags. 
 
(b)Ternary system 
 
Mitsubishi pioneered the use of basic calcium ferrite slag for its continuous converting 
process (Biswas and Davenport, 2002). It has low viscosity and high magnetite solubility, as 
well as the ability to absorb antimony oxide and arsenic oxide. However, it has very limited 
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silica solubility so carry-over of silicate slag from the smelting stage is a problem, and it 
cannot effectively absorb lead oxide.   
 
Figure 2.2.3 below shows the liquidus temperatures for the CaO-FeO-Fe2O3 system. The 
liquidus area is bounded by solid magnetite, wustite, iron, dicalcium ferrite, and lime. A 
typical copper converter operates at 1250
 o
C to 1300 
o
C, such that the available range of slag 
compositions lies within these liquidus temperature isotherms. 
 
Figure 2.2.3 Liquidus temperatures in the CaO-FeO-Fe2O3 system (Yazawa et al., 1981) 
 
 
Figure 2.2.4 Iso-oxygen partial pressure lines at 1300 
o
C for the systems of FeO-Fe2O3-
CaO (Yazawa et al., 1981) 
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Figure 2.2.4 above shows the liquidus region of the CaO-FeO-Fe2O3 system at various pO2. 
On the Fe2O3 side the pO2 is high, whereas on the FeO side the pO2 is very low.  
 
At the typical oxygen partial pressure required to convert Cu2S to copper of approximately  
10
-6 
to 10
-5
 atm, magnetite forms in an iron silicate slag and makes the slag very difficult to 
use (becomes overly viscous, causing increased copper loss and difficulty in slag tapping). In 
traditional Peirce-Smith batch converting there is no slag at this stage, hence there is no 
significant problem. However, in the case of continuous converters there is some iron that 
needs to be oxidised and therefore a slag is needed to hold the oxidised iron. Calcium ferrite 
slag can hold magnetite in solution provided the CaO content is near 18 wt% and therefore 
avoids the problems caused by magnetite precipitation at the operating oxygen partial 
pressures. Controlled magnetite precipitation on the refractory bricks is desired as a protection 
layer, and this capability is one of the advantages of calcium ferrite slag.  
 
The activities of CaO, FeO, and Fe3O4 at 1300 
o
C are shown in Figure 2.2.5.  
 
Figure 2.2.5 Iso-activity curves in the CaO-FeO-Fe3O4 system at 1300 
o
C (Yazawa et al., 
1981) 
 
During continuous copper converting, slag is in contact with metallic copper and therefore the 
following equilibrium is relevant: 
 
Cu + ¼ O2(g) = CuO0.5     Equation 2.2.1 
 
During converting at a pO2 of around 10
-6
 atm and in the presence of almost pure copper the 
activity of CuO0.5 is significant. The actual amount of CuO0.5 depends on the value of the 
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activity coefficient of CuO0.5 in that slag. Figure 2.2.6 shows that at copper converting 
conditions – temperature between 1200 oC to 1300 oC and oxygen potential between 10-5 to 
10
-6
 atm – the slag is a single phase liquid. 
 
Figure 2.2.6 Liquidus isotherm for CaO-FeOx-Cu2O system in coexistence with liquid 
copper. Isobars of log pO2 are at 1250 ºC (Yamaguchi and Yazawa, 2007) 
 
The activity of CuO0.5 in this system is given in Figure 2.2.7. 
 
 
Figure 2.2.7 Iso-activity curves in CaO-FeOx-Cu2O system in equilibrium with metallic 
copper at 1250 
o
C (Yamaguchi and Yazawa, 2007) 
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2.2.3 FeOx-CaO-SiO2 system 
 
Yazawa et al. (1999) proposed that slag with a composition between that of iron silicate and 
calcium ferrite should have the ability to adequately remove elements with both acidic (eg. 
arsenic, antimony) and basic oxides (eg. lead) from copper and also not cause significant 
damage to the refractories. This new slag was termed “ferrous calcium silicate (FCS)”. As the 
third copper converting slag, FCS slag is also said to have an additional advantage of lower 
dissolution loss of oxidic copper in the continuous converting process. FCS slag is 
represented by the FeO-Fe2O3-CaO-SiO2 system. 
 
 
Figure 2.2.8 Liquid region in the FeOx-CaO-SiO2 system at 1300 ºC (Yazawa et al., 1999) 
 
Referring to Figure 2.2.8, the shaded region between the line CC’ and the primary crystalline 
surface of dicalcium-silicate corresponds to the proposed ferrous calcium silicate slag. The 
silica content must be as low as possible to minimise the slag volume. 
 
It appears that the liquid region of the proposed new slag system is limited. In practice, 
however, the slag is in contact with copper, which affects the size of the liquid region of 
ferrous calcium silicate slag. Kongoli and Yazawa (2001) studied the effect of copper on the 
liquid region of ferrous calcium silicate slag. Their study found that the liquid region of the 
FeO-Fe2O3-SiO2 system increases with increasing amount of copper oxide present. The 
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authors developed a useful form of phase diagram for the CaO-FeO-Fe2O3-Cu2O-SiO2 
system, which shows the liquid region of copper-saturated ferrous calcium silicate slags at 
1300 
o
C and oxygen partial pressure of 10
-6
 atm and it is given as Figure 2.2.9. 
 
 
Figure 2.2.9 Effects of Cu2O on the liquid region of FeO-Fe2O3-SiO2 system at 
1300 
o
C and oxygen partial pressure of 10
-6
 atm (Kongoli and Yazawa, 2001) 
 
Ferrous calcium silicate slag, in equilibrium with copper, has a reasonably large liquid area, 
which allows it to be a possible slag of choice. Any composition within the CaO-SiO2-FeOx-
Cu2O system which is molten at 1300 
o
C and a pO2 of about 10
-6
 atm could be used for copper 
converting. 
 
2.3 Acid-base behaviour of slags 
 
Slags consist of various oxides, which are classified as acidic, basic or neutral. An acidic 
oxide such as SiO2 can accept oxide ions into its structure, while CaO and similar oxides 
which dissociate to provide oxide ions, are known as basic oxides. A strong oxide ion 
acceptor and a strong oxide ion provider should interact strongly in solution. Two species that 
both accept oxide ions, or both provide oxide ions, would not be expected to interact. Hence, 
in the activity curve for two acidic oxides or two basic oxides, positive deviation from the 
ideal would be expected.   
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Copper smelting slags can be described as ternary solutions. Yazawa and Hino (1993) utilised 
THERMOCALC to derive the ternary equilibria from the readily available thermodynamics 
data of the three binary regular solutions based on a regular solution model for the binaries 
and the ternary. The regular solution model defines an -function, which indicates the degree 
of deviation of activity from ideality (see Figure 2.3.1) and is expressed by the following 
equation: 
 
 



2
1
ln
i
i
i
N

 constant    Equation 2.3.1 
 
where  is the activity coefficient, and N is the mole fraction of element i. 
 
Figure 2.3.1 Binary activity curves depending on  values (Yazawa and Hino, 1993). 
 
Large negative values of , such as -15, indicate intermediate compound formation.  On the 
contrary, if  is greater than 2, the activity curves represent positive deviation and even the 
formation of a miscibility gap if is around. 
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The ternary system consists of three binaries, namely: AO-MO, AO-BO, and BO-MO; where 
AO is a strong acidic oxide such as SiO2, BO is a strong basic oxide such as CaO, and MO is 
the neutral metal oxide, FeO. The  values are assumed to be 0, -9, and -1 for AO-MO, AO-
BO, and BO-MO respectively, as shown in Figure 2.3.2.  
 
Figure 2.3.2 Isobars of MO and MO in the AO-BO-MO ternary system (Yazawa and Hino, 
1993). 
 
As indicated by the  values, the AO-MO binary has been assumed to be ideal, where the 
slightly negative  value for the BO-MO binary indicates weak interaction between BO and 
MO. The AO-MO binary displays strong negative deviation from the ideal, indicating a 
strong tendency towards the formation of the intermediate compound AO.BO. 
 
The activity and activity coefficients for the neutral metal oxide, MO, are shown by the solid 
and dashed lines respectively in the above figure. These lines represent prominent convexities 
on the tie line between MO and AO.BO. This tie line has been suggested to represent 
minimum dissolution of MO in the melt, which means that the activity coefficient is above 1 
so that the mole fraction is lowered for a given activity of MO. In practice there are other 
compounds (e.g. 2BO.AO), and so the assumption of only one compound above is simplistic. 
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As can be observed from Figure 2.3.2, the activity coefficient of the neutral oxide, MO, 
increases with decreasing FeO content. Equation 2.3.1 indicates that the mole fraction of the 
species in slag is inversely proportional to the activity coefficient of the species. Therefore, 
the oxidic dissolution of MO is expected to be minimum at maximum MO for slag 
compositions on the tie line between MO and AO.BO. The authors also suggested that the 
activity behaviour of neutral metal oxide, FeO, in FeO-SiO2-CaO slag shown in Figure 2.3.2 
could be expected for other neutral metal oxides contained in this slag at low concentrations.  
 
.  
Figure 2.3.3 Isobars of activity and activity coefficient of basic metal oxides in AO-BO-MO 
ternary (Yazawa and Hino, 1993) 
 
Using the same methods, the interactions of acidic or basic metal oxides can be observed, by 
redefining the  values accordingly. For instance, to explain the behaviour of a basic metal 
oxide, such as lead oxide, the  values for the AO-MO and BO-MO binaries are assumed to 
be -5 and +2 respectively, due to substantial negative deviation in PbO-SiO2 binary and strong 
repulsive trend in PbO-CaO binary, as shown in Figure 2.3.3. 
 
Compared to those of the neutral oxide, the MO and MO isobars for basic oxide are more 
distorted. The MO isobars indicates strong convexity on the tie line close to the BO-MO 
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binary, thus indicating higher activity coefficient values for the BO-MO binary than those for 
the AO-MO system. This implies that dissolution of basic lead oxide is lower in a system 
using basic lime flux, i.e. calcium ferrite slag, therefore suggesting that more lead oxide 
would be dissolved in a system using acidic flux, such as iron silicate slag. 
 
2.4 Distribution Thermodynamics 
 
Matte from the smelter contains small amounts of impurities, better known as minor elements. 
Typical minor elements are gold, silver, cobalt, nickel, platinum, palladium, zinc, cadmium, 
mercury, tin, lead, molybdenum, bismuth, arsenic, antimony, selenium, tellurium, and 
chlorine. The minor elements present in a particular copper matte, and their level of 
concentration, depends on the ore body from which the concentrates were obtained. 
 
Some minor elements have a deleterious effect on the mechanical properties of copper. Dies 
(1967) stated that a bismuth content of as low as 0.005% causes hot-shortness of copper. 
Hanson and Ford (1927) stated that embrittlement had been observed in copper containing 
bismuth contents up to 0.1%, noting that copper cracked at the first pass of rolling when 
making copper sheets. Stahl (1925) cited an earlier work by Hampe, who discovered that a 
bismuth content of 0.05% caused cold fracturing of copper and noted that copper with 0.1% 
bismuth had been regarded as unusable, as edge cracking had been observed during 
hammering.  
 
The ever more stringent environmental regulations have led to stricter emission control. These 
regulations emphasise the need to monitor levels of heavy metals and other hazardous 
elements in the smelter waste streams. Typical heavy metals that are of concern include 
arsenic, cadmium, chromium, cobalt, copper, lead, mercury, nickel, tin, vanadium, and zinc. 
These strict regulations have led to a greater interest in minor elements and how they 
distribute between the phases present during copper smelting and converting.  
 
Controlling copper metal quality and the level of dangerous elements in smelter waste 
products has become increasingly difficult as smelters are faced with declining ore quality and 
increasing ore complexity. As ores are mined from deeper in the earth, they often contain less 
of the main metal and higher amounts of minor elements. Some of these minor elements may 
not have been present in sufficient amounts to be of concern in ores mined from shallower 
depths.  
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Studies of minor element distribution provide the fundamental information which leads to 
better control of copper metal grade and processing wastes, as well as potentially contributing 
to the smelter’s profitability by recovering elements such as gold, silver, and platinum, which 
have commercial value.  
 
There are three phases present in a flash converting reactor such as that operated by Kennecott 
Utah Copper Smelter: gas, slag and metal. During smelting, minor elements are only partially 
removed by oxidation to either the slag or gas phase. As a result, copper matte carries minor 
elements into the converting stage. Converting further removes minor elements to either the 
slag or gas, producing blister copper and a copper-rich converter slag.  
 
Elements distribute to the gas phase as a result of volatilisation, which is dependent upon the 
nature of the volatilising species, their vapour pressures and their activities in slag. Vapour 
pressure is strongly dependent on temperature, and the activity of a species depends on the 
concentration of that species in the phase, as well as the bulk composition of the phase. In a 
real reactor, as opposed to an experiment which is designed to reach equilibrium, the extent of 
volatile element removal also depends on the volume of gas passing through the reactor and 
the degree of contact between that gas and the molten phases (Itagaki and Yazawa, 1983). The 
distribution of a minor element to the gas phase will not be examined experimentally in this 
thesis.  
 
Minor element distribution between metal and slag occurs through dissolution of the minor 
element oxide into the slag. The extent of dissolution depends on the thermodynamic stability 
of the oxide as expressed by the Gibbs free energy of formation of the oxide and the activity 
coefficients of the relevant species involved in both the copper and the slag. For a given 
element, M, the oxidation reaction can be represented by: 
 
xMOgO
x
M  )(
2
2  KRTG ln
0   Equation 2.4.1 
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The equilibrium expression for this reaction is: 
 
 
2
2
x
OM
MO
pa
a
K x      Equation 2.4.2 
 
where 2x is the charge on the metal cation; aMOx is the activity of metal oxide in the slag; and 
aM is the activity of the minor metal in the solvent metal.   
 
The metal oxide is expressed in the monocation format in the above expression i.e. one mole 
of the metal is present e.g. copper (I) oxide is written as CuO0.5 rather than Cu2O.  Yazawa 
(1994) explained that although compounds are usually expressed in multi-cation integer form 
such as Cu2O, Fe3O4, Al2O3 etc., the monocation form (FeO, FeO1.5, SiO2, CaO, etc.) is more 
reasonable from both theoretical and practical standpoints. Using the monocation format leads 
to three advantages, as shown by Yazawa, Nakazawa and Takeda (1983): 
 
1) When species are expressed in monocation format, the total number of moles of species 
in 100g of slag is closely similar in value for all industrial slags, as indicated in Figure 
2.4.1. The authors gave the value of nT for slag as 1.48. Similarly, the total number of 
moles of species in copper matte and copper metal are almost constant at 1.22, and 1.54 
respectively. 
 
2) The activity coefficient of a species expressed in monocation form remains almost 
constant over a large range of compositions, as observed in Figure 2.4.2. 
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Figure 2.4.1 Total moles of species in 100g of slag & copper. (Yazawa et al., 1983) 
 
Figure 2.4.2 Relationship between activity coefficients of oxides and mole fraction of oxides 
in calcium ferrite slag at 1250 
o
C (Yazawa et al., 1983) 
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3) When species in copper matte are expressed in monocation format, their behaviour 
closely approximates that of an ideal solution, as illustrated in Figure 2.4.3 below. 
 
Figure 2.4.3 Activities of Cu2S, CuS0.5, and FeS in the Cu2S-FeS and CuS0.5-FeS system at 
1250 
o
C (Yazawa et al., 1983) 
 
Equation 2.4.2 can be expanded using the relationship between the activity of a species and its 
mole fraction; 
T
i
iiii
n
n
Na       Equation 2.4.3 
where ni is the moles of component in solution; nT is the total moles of species in the relevant 
phase; and Ni is the mole fraction. For the metal phase, the mass of M present in 100 grams of 
metal is wt% M. The moles of M, nM, is therefore wt% M/AWM where AWM is the atomic 
weight of element M. Equation 2.3.3 can therefore be expressed as: 
 
 
 TM
M
nAW
Mwt
N
%
     Equation 2.4.4 
Similarly, for the slag phase: 
 
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      Equation 2.4.5 
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and so it follows that: 
   
 TMT
M
MO
nAW
Mwt
n
n
N
x
%
    Equation 2.4.6 
 
Substituting these expressions into the equilibrium constant expression (Equation 2.4.2), the 
following is obtained: 
 
   
     2
2
%
%
x
OTMM
TMMO
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K x


   Equation 2.4.7 
 
The term AWM cancels, such that this expression simplifies to: 
  
    2
2
%
%
x
OTM
TMO
pnMwt
nMwt
K x


    Equation 2.4.8 
 
where ( ) and [ ] represent values in slag and metal phases respectively. 
 
The distribution ratio, L, is commonly used to express distribution data and can be defined as: 
 
 
 Mwt
Mwt
L msM
%
%/      Equation 2.4.9 
 
The superscript “s/m” indicates that the concentration of metal, M, in the slag phase is divided 
by that in the metal phase. An inverse distribution ratio, indicated with the superscript “m/s”, 
could equally be defined. 
 
Substituting Equation 2.4.9 into Equation 2.4.8, the following is obtained: 
 
  
  
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x
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/ 2    Equation 2.4.10 
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The equilibrium constant “K” has a constant value at a given temperature. The terms [nT] and 
(nT) will be constant as discussed above. Provided the concentrations of M are relatively small 
in both slag and metal, the activity coefficient terms will be constants. Equation 2.4.10 can 
then be simplified to: 
 
2//
2
x
o
ms
M CpL       Equation 2.4.11 
 
Taking logarithms results in the following expression: 
 
2
log
2
loglog / O
ms
M p
x
CL     Equation 2.4.12 
 
It follows that if LM
s/m
 is measured at various values of pO2, then plotting log LM
s/m
 against log 
pO2 should give a straight line with a slope of x/2. 
 
Oxide species can only be MO0.5, MO, MO1.33, MO1.5, MO2, etc, so it follows that the slope 
x/2 can only be 0.25, 0.5, 0.665, 0.75 and 1 provided that the species dissolving in the slag is 
the same over the range of pO2 examined. If the slope was found to be 0.25, then the metal 
oxide must be MO0.5 and thus the minor metal must be present as M
+ 
in the slag. 
 
Figure 2.4.4 shows the distribution ratios for iron, cobalt, tin, arsenic, and antimony between 
copper and either calcium ferrite or iron silicate slag. From the slope of each line, the 
dissolved species in the slag for each of the elements, other than tin, can be assumed to be 
FeO, CoO, SnO, AsO1.5, and SbO1.5. Figure 2.4.4 also shows that the distribution of tin 
between calcium ferrite slags and liquid copper is given by two straight lines of different 
slopes. This indicates that at oxygen partial pressures below 10
-8
 atm. Further, tin exists as 
SnO, and at oxygen partial pressures above 10
-8
 atm, tin exists as SnO2.  
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Figure 2.4.4  Distribution ratio of various elements between iron silicate slag (dashed lines) 
or calcium ferrite slag (solid lines) and liquid copper in sulphur free systems at 1250ºC 
(Yazawa et al., 1983) 
 
The extent of dissolution of tin, arsenic, and antimony in calcium ferrite slag is greater than 
that in iron silicate slags. This must be a result of different activity coefficients for the metal 
oxides in these slags. This behaviour can be rationalised by the acid-base theory of slags. 
Calcium ferrite slag, which is regarded as a basic slag, is more effective in removing from 
copper those impurities which form acidic oxides than iron silicate slag.  
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2.5 Bismuth slag/metal distribution 
 
Bismuth is a deleterious minor element in copper. Even when present at contents as low as 
0.005 wt% it causes hot-shortness of copper i.e. cracking during sheet rolling. Bismuth 
elimination during copper smelting occurs mostly via volatilisation as the species Bi(g) 
(Itagaki and Yazawa, 1983). Volatilisation is pronounced during the slagging stage of Peirce-
Smith converting. During the coppermaking stage, however, bismuth is strongly retained in 
the blister copper (Chaubal and Nagamori, 1982). Azakami and Yazawa (1967) also 
commented that bismuth removal by oxidation and volatilisation from molten copper is very 
difficult and therefore bismuth must be eliminated as much as possible during matte smelting. 
Subsequently, volatilisation of bismuth is assumed to be negligible and will not be 
investigated in this work. 
 
Of more relevance to this work, Kaur et al. (2010) reported on bismuth distribution during 
flash smelting and continuous flash converting at the Kennecott Utah Copper Smelter. They 
showed that during flash smelting only about 15% of the incoming bismuth is volatilised, 
with about 55% passing into the matte. During flash converting about 15% is volatilised and 
75% of bismuth reports to the blister copper. It can be concluded that under continuous 
converting conditions bismuth elimination is reasonably limited. 
 
2.5.1 Distribution Data from Literature 
 
There are few studies on the distribution ratio of bismuth between copper and various slags. A 
summary of literature value of distribution ratio of bismuth between copper and slags is given 
in Table 2.5.1. 
 
Yazawa et al. (1983) gave a value of 0.05 for LBi
s/m
 for calcium ferrite slag at 1250 
o
C and an 
oxygen partial pressure of 10
-6
 atm. The most comprehensive study was that of Takeda et al. 
(1983) which reported data for both iron silicate and calcium ferrite slags, also at 1250 
o
C but 
over a wide range of oxygen partial pressures. Their findings are given as Figure 2.5.1. 
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Table 2.5.1 Summary of literature data of distribution ratio of bismuth between slag 
and copper 
 Slag type 
Oxygen 
potential 
(atm) 
Temperature 
(ºC) 
LBi
s/m
 
Takeda et al. (1983) 
Calcium 
ferrite 
10
-6 1250 0.03 
Iron silicate 10-7 1250 0.015 
Yazawa et al. (1983) 
Calcium 
ferrite 
10
-6 1250 0.05 
Iron silicate 10-7 1250 0.02 
Kim and Sohn (1996) 
Calcium 
ferrite 
10
-6 1250 0.033 
Eerola et al. (1984) 
Calcium 
ferrite 
10
-6 1250 0.1 
Nagamori et al. 
(1975) 
Iron silicate 
with 8 wt% 
Al2O3 
10
-6
 - 10
-11 1200 0.02 
Iron silicate 
with 8 wt% 
Al2O3 
10
-6
 - 10
-11 1300 0.04 
     
 
Figure 2.5.1 Bismuth distribution ratio (slag/metal) as a function of the partial pressure of 
oxygen (in bar) in iron silicate and calcium ferrite slags (Takeda et al., 1983). 
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They showed that the distribution of bismuth between copper and both iron silicate and 
calcium ferrite slags is almost identical. Data for iron silicate slag at an oxygen partial 
pressure of 10
-6
 atm cannot be obtained due to magnetite saturation of the slag, but for 
calcium ferrite slag the value is about 0.03, a little lower than previously reported (Yazawa et 
al., 1983). Kim and Sohn (1991) confirmed the distribution values of Takeda et al. by 
reporting a LBi
s/m
 value of 0.033. 
 
The slopes of the lines for iron silicate and calcium ferrite slags reported by Takeda et al. 
(1983) are a little different. For iron silicate slag the slope indicates that bismuth is present in 
slag as BiO1.5 i.e. Bi
3+
,
 
although in calcium ferrite slag it appears to be present as BiO i.e. 
Bi
2+
. Nagamori et al. (1975) had earlier claimed that the copper/slag distribution ratio for 
silica-unsaturated iron silicate slag was independent of oxygen partial pressure over the range 
10
-6
 to 10
-11
 atm at 1200 
o
C and 1300 
o
C. They reported a value of 0.04, again similar to the 
value for calcium ferrite slag by Takeda et al. (1983). 
 
Both Nagamori et al. (1975) and Takeda et al. (1983) agree that the slag/copper distribution 
ratio increases with increasing temperature. This is expected because the standard Gibbs free 
energy of formation of oxides becomes less negative with increasing temperature. 
 
Eerola et al. (1984) reported a higher distribution ratio of bismuth between copper and 
calcium ferrite slags than any other authors. The reported value is 0.1. 
 
2.5.2 Bismuth speciation in slags 
 
Determining the bismuth species in slag helps in understanding how bismuth distribution is 
affected by process variables, in particular the sensitivity of the bismuth distribution to 
oxygen partial pressure. There is a great deal of disagreement within the literature pertaining 
to the form in which bismuth dissolves in slag, i.e. as an oxide species or as neutral metal 
atoms, and therefore whether bismuth is present as Bi
3+
, Bi
2+
 or Bi
o
. 
 
Nagamori et al. (1975) investigated the solubility of bismuth in silica-unsaturated iron silicate 
slags containing 8 wt% Al2O3 at 1200 ºC and 1300 ºC with oxygen potentials between 10
-6
 
and 10
-11
 atm. The slags were equilibrated with dilute Cu-Bi alloy (0.93 to 2.85 wt%Bi in 
copper). The authors assumed bismuth was in slag as BiO and thus the following reaction was 
appropriate: 
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 Bi(l)+ ½ O2(g) = BiO(l)    Equation 2.5.1 
 
and so; 
 aBiO = K aBi pO2
1/2
     Equation 2.5.2 
 
It follows that the distribution coefficient is dependent on the square root of pO2. The authors 
thus presented their results as a plot of distribution coefficient (LBi
m/s
) and activity coefficients 
versus the square root of the oxygen partial pressure, see Figure 2.5.2. During copper 
converting the oxygen potential is about 10
-6
 atm, which equates to a value of 10 on Figure 
2.5.2, however there is no data above 6 (i.e. pO2 = 3.6 x 10
-7
 atm). The authors reported that 
temperature and Fe/SiO2 have no effect on their findings. 
 
 
Figure 2.5.2 The effect of oxygen potential on the activity coefficient of BiO and BiO1.5 and 
the distribution of bismuth between copper and slag (Nagamori et al., 1975) 
 
In order to obey Henry’s Law, the correctly defined bismuth species in slag must have a 
constant activity coefficient in the dilute solution range (0.0025-0.0073 wt% Bi). As γBiO and 
γBiO1.5 are not constant in relation to oxygen partial pressure, these species were discounted by 
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the authors and therefore reported that bismuth is dissolved solely in atomic form into 
alumina-saturated slags at oxygen potentials in the range 10
-6
 to 10
-11
 atm. This is apparent 
because the bismuth distribution ratio is independent of the oxygen partial pressure, according 
to the results of these authors. 
 
Fukatsu et al. (1976) investigated the distribution of bismuth between liquid lead and PbO-
SiO2 slags at 900 °C by using the EMF method. The mole fraction of bismuth in metal ranged 
from 0.3 to 0.12, and the range of pO2 was between 1.15 x 10
-10
 and 2.72 x 10
-11
 atm. They 
reported that at constant activity of bismuth in metal (i.e. at constant wt% Bi in metal), the 
solubility of bismuth in slag increased in proportion to pO2
3/4
, as shown in Figure 2.5.3. It can 
be seen that the distribution coefficient is a strong function of pO2, contrary to the work of 
Nagamori et al. (1975). 
 
Figure 2.5.3 The effect of oxygen potential on the solubility of bismuth in PbO-SiO2 system 
at 900 °C at constant aBi (Fukatsu et al., 1976) 
 
This indicates that bismuth exists as BiO1.5 in the slag. While this study used lead as the 
solvent metal rather than copper, this has no effect on the nature of bismuth species in the slag 
so these results are relevant. The actual values of LBi
s/m
 will, of course, differ from those 
applicable to molten copper. 
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Goto et al. (1980) investigated the solubility of bismuth in silica-saturated iron silicate slags 
under controlled oxygen potential pressures less than 10
-3
 atm at 1200 ºC and 1250 ºC by 
equilibrating the slag with Cu-Bi alloy containing 2 to 5 wt% Bi. The authors initially 
assumed that bismuth is present in the slag as BiO1.5, and therefore the dissolution is given by 
the following reaction: 
 
 Bi (in alloy) + ¾ O2 = BiO1.5 (in slag)    Equation 2.5.3 
 
and therefore: 
 
 
4/3
2
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BiO
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K
a
N

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







    Equation 2.5.4 
 
 
Figure 2.5.4 The effect of oxygen potential on the solubility of bismuth in silica-saturated 
iron silicate slag (Goto et al., 1980) 
 
Thus, if the assumption that bismuth is present in the slag only as BiO1.5 was true, a plot of 
(wt% Bi in slag/aBi) versus pO2
¾ 
should pass through the origin. However, as can be observed 
in Figure 2.5.4, the lines of best fit do not pass through the origin. This was taken to indicate 
that some neutral atomic bismuth dissolution, as well as BiO1.5 dissolution, was taking place. 
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In this work the weight percent of bismuth in slag was between 0.0014 and 0.016. The authors 
did not report how the bismuth content in both metal and slag phases were analysed. 
However, given the small amount of bismuth in both phases, analytical errors must be 
substantial. 
 
Takeda et al. (1983) equilibrated calcium ferrite slag and copper metal containing bismuth at 
1250 ºC under controlled oxygen potential pressures between 10
-5
 to 10
-10
 atm.  
 
Figure 2.5.5 Bismuth distribution ratio (slag/metal) as a function of the partial pressure of 
oxygen (in bar) in iron silicate and calcium ferrite slags (Takeda et al., 1983). 
 
As shown in Figure 2.5.5, the distribution ratio of bismuth between slag and copper metal was 
plotted against the logarithm of the oxygen partial pressure. For iron silicate slag, the slope is 
0.75, indicating that bismuth is dissolved as BiO1.5. Although the slope for calcium ferrite slag 
was between 0.5 and 0.75, which suggests the presence of both BiO and BiO1.5, it was 
concluded that the predominant dissolved species was the trivalent oxide form, BiO1.5, in both 
cases of iron silicate slag and calcium ferrite slag. The error in the LBi
s/m
 values was not 
indicated so it may be that the slope for the calcium ferrite slag is subject to errors. It will be 
shown later that the activity coefficient of BiO1.5 in calcium ferrite slag was shown to be a 
function of pO2, which is unlikely when wt%Bi in slag is small i.e. in the Henrian range - and 
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that this suggests a systematic error in their results. It is not possible to determine what this 
error might be. 
 
Jimbo et al. (1984) equilibrated silica-saturated iron silicate slag and copper bismuth alloys at 
1200 ºC and 1250 ºC, and oxygen partial pressures between 10
-7
 atm and 10
-11
 atm. Similar to 
Goto et al. (1980), the authors also plotted the solubility of bismuth in slag expressed by (wt% 
Bi in slag / aBi) as a function of pO2
3/4
. As shown in Figure 2.5.6, the line of best fit does not 
pass through the origin, so Jimbo et al. (1984) also concluded, in agreement with Goto et al. 
(1980), that there is some dissolution of bismuth as neutral metal atoms as well as BiO1.5. 
 
 
Figure 2.5.6 Correlation between %Bi/aBi and p
3/4
O2 (Jimbo et al., 1984) 
 
However, error bars are not given on the data points and only a small change in slope of the 
best fit line would be required for the line to pass through the origin. The findings of Jimbo et 
al. (1984) relating to atomic bismuth dissolution cannot be given much significance. Even if 
the results were credible, atomic bismuth dissolution would only be significant at oxygen 
partial pressures well below those applicable to continuous copper converting. 
 
Jimbo et al. (1984) subsequently constructed a plot of the solubility of bismuth in slag in 
proportion to p
1/2
O2, see Figure 2.5.7. This figure appears to indicate that all bismuth exists in 
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slag as divalent BiO. However, the authors concluded bismuth exists in the slag as two 
different oxides, BiO and BiO1.5, with a little neutral bismuth. 
 
 
 
Figure 2.5.7 Correlation between %Bi/aBi and pO2
1/2
 (Jimbo et al., 1984) 
 
It is evident that plotting the distribution of bismuth against pO2
½
 and pO2
¾
 is an insensitive 
way to process the data. Considering likely errors in the distribution data, these plots cannot 
provide reliable information. In the same paper, they subsequently plotted the bismuth 
solubility against oxygen potential on a logarithmic scale (Figure 2.5.8). It was claimed that 
the slope for the data set at 1200 ºC is different to that for 1250 ºC, although this is not 
evident. There are substantially less data points at lower oxygen partial pressures, so that 
slopes of the best fit lines are uncertain. At the higher oxygen partial pressures it cannot be 
concluded which slope best fits the data points, so the nature of the bismuth species in slag at 
these oxygen partial pressures cannot be confidently ascertained. 
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Figure 2.5.8 Effect of oxygen potential on the solubility of bismuth (Jimbo et al., 1984) 
 
Eerola et al. (1984) investigated the distribution of bismuth in calcium ferrite slags under 
copper refining conditions at 1250 ºC. The results are shown in Figure 2.5.9, which shows 
that bismuth dissolves as BiO1.5. Although the reported values of LBi
s/m
 differ to those 
reported by Takeda et al. (1984), the relationship between LBi
s/m
 and oxygen partial pressure 
would remain the same despite any systematic errors. 
 
The findings from the various papers are summarised in Table 2.5.2. In this thesis, in which 
copper converting conditions are of interest (i.e. a temperature of 1300 ºC and an oxygen 
potential of 10
-6
 atm), the speciation of bismuth under these conditions is relevant. 
 
Nagamori et al. (1975) claimed that at oxygen potential range from 10
-6
 to 10
-11
 atm, bismuth 
is dissolved in slag as neutral atoms. However, the graph presented in their paper did not 
contain any data above an oxygen partial pressure of 3.6 x 10
-7
 atm. Their findings are also 
contrary to those of all later work.   
 
Goto et al. (1980) believed that bismuth is dissolved in slag as atomic and oxidic BiO1.5. 
However, given the likely substantial analytical errors due to the very low levels of bismuth 
involved, this finding is not regarded as very credible. 
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Figure 2.5.9 Distribution of bismuth in calcium ferrite slags at 1250 ºC (Eerola et al., 1984) 
 
Although it appears that there is a systematic error in the work of Takeda et al. (1983) relating 
to the distribution data for calcium ferrite slag, they argued that bismuth is dissolved in slag as 
BiO1.5 for both iron silicate and calcium ferrite slags. This is supported by the results of the 
investigation by Eerola et al. (1984). 
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Table 2.5.2 Summary of literature data of bismuth speciation in slags 
 
Nagamori 
et al. (1975) 
Fukatsu et 
al. (1976) 
Goto et 
al. (1980) 
Takeda 
et al. 
(1983) 
Jimbo et 
al. (1984) 
Eerola 
et al. 
(1984) 
Slag type 
silica-
unsaturated 
fayalite slag 
containing 8 
wt%Al2O3 
PbO-SiO2 
silica-
saturated 
iron 
silicate 
slag 
iron 
silicate 
and 
calcium 
ferrite 
slags 
silica-
saturated 
iron 
silicate 
slag 
calcium 
ferrite 
slag 
Temp. 
1200 - 
1300ºC 
900ºC 
1200 - 
1250ºC 
1250ºC 
1200 - 
1250ºC 
1250ºC 
Oxygen 
potential 
(atm.) 
10
-6
 - 10
-11 10-10 - 10-11 < 2 x 10-3 
10
-5
 – 
10
-10 
10
-7
 - 10
-11 
10
-5
 - 
10
-8 
Bismuth 
content in 
metal 
< 0.3 
wt%Bi 
0.03 - 0.12 
(mol 
fraction) 
2 - 5 
wt%Bi 
- - 
0.12 - 
0.50 
wt%Bi 
Bismuth 
content in 
slag (wt%Bi) 
0.0025 - 
0.0073 
- 
0.0014 - 
0.016 
- < 0.018 
< 0.003 
- 0.29 
Bismuth 
species in 
slag 
Biº 
 
BiO1.5 
 
Biº and 
BiO1.5 
 
BiO1.5 
 
Oxidic 
 
BiO1.5 
 
 
In this thesis it will be assumed that, under continuous copper converting conditions, bismuth 
is dissolved in slag as BiO1.5. 
 
2.5.3 Activity coefficient of bismuth in molten copper 
 
The distribution of bismuth between slag and copper at equilibrium is governed by the 
following relationship:  
 
)()(
4
3
)( 5.12 lBiOgOlBi    KRTG ln
0   Equation 2.5.5 
 
The distribution ratio of bismuth between slag and copper is: 
 
  
  
5.1
2
75.0
/
BiOT
OBiTms
Bi
n
pnK
L


      Equation 2.5.6 
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Once the distribution ratio of bismuth between slag and copper has been obtained by 
experiment under known conditions, the activity coefficient of BiO1.5 in slag (γBiO1.5) can be 
calculated provided the activity coefficient of bismuth in copper is known.  
 
The calculated activity coefficient of BiO1.5 can be used in thermodynamic models of the 
converting process to predict the distribution of bismuth between copper, slag and gas under a 
range of process conditions. 
 
Some of the published data on the activity coefficient of bismuth in copper has been obtained 
through experiments while other data is based on calculation from, or recalculation of, 
previous data. A summary of the literature data is given in Table 2.5.3. 
 
Nikolskaya et al. (1959) conducted experiments with the copper-bismuth binary system using 
an electrochemical method at temperatures between 877 
o
C and 952 
o
C, and calculated the 
activity coefficients of bismuth at various bismuth contents. At the lowest bismuth content in 
the experiment, NBi=0.1, at 927 
o
C, the reported log Bi value is 0.424. By extrapolation, the 
°Bi value is calculated to be 3.3. 
 
Although the methods of obtaining the data could not be ascertained, Hultgren et al. (1963) 
reported a Bi value of 2.15 at xBi=0.22. This value may not necessarily be a limiting value. 
However, being one of the first published data, the work of these authors was often used in 
subsequent literature as the reference. 
 
Azakami and Yazawa (1967) used the transportation method with 0.5% CO in nitrogen as the 
carrier gas to measure the vapour pressure of bismuth over a molten copper-bismuth alloy at 
temperatures ranging from 1000 
o
C to 1200 
o
C. It is necessary to know the average molecular 
weight of the gaseous bismuth species and in this work two species of bismuth were assumed 
to be present, namely the monomer Bi and the dimer Bi2. They calculated the activities of 
bismuth in the alloy and, in turn, the limiting activity coefficient of bismuth in copper. 
However, there are no data points on their graph, given as Figure 2.5.10, so it is not possible 
to know how much extrapolation to zero bismuth content in the alloy was required to 
determine their value. 
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Table 2.5.3 Literature data of limiting activity coefficient of bismuth in molten copper 
Reference Method 
Temp 
(ºC) 
γoBi  
Nikolskaya et al. (1959) experimental 927 3.3 
Hultgren (1963) uncertain 927 2.15 
Azakami & Yazawa (1967) transportation 
1000 4.1 
1100 3.2 
1200 2.7 
Bode et al. (1971) calculated 
1100 3 
1200 2.4 
1250 2.2 
1300 2 
Predell & Emam (1973) experimental 1100 2.2 
Sigworth & Elliott (1974) estimated 
1100 1.25 
1200 1.25 
1300 1.25 
Yazawa (1974) 
Taken from 
Azakami & 
Yazawa (1967) 
1300 2.5 
Nagamori et al. (1975) recalculated 
1000 4.05 
1100 3.15 
1200 2.54 
1250 2.3 
1300 2.09 
Sibanda & Baker (1979) experimental 1100 2.5 
Arac (1980) experimental 
1200 2.51 
1250 2.65 
Taskinen and Niemela (1981) experimental 
900 5.2 
1000 4.5 
1100 3.7 
Arac & Geiger (1981) experimental 
1200 2.17 
1250 2.27 
Itoh & Azakami (1984) experimental 1100 2.6 
Roine & Jalkanen (1985) experimental 1200 3.1 
Jiang et al. (1988) 
Re-evaluated from 
Sibanda & Baker 
(1979) 
1100 2.6 
Teppo et al. (1989) 
Computer model 
using least-squares 
optimization 
1000 3.82 
1100 3.2 
1200 2.75 
1250 2.56 
1300 2.4 
Teppo et al. (1990) 
Computer model 
using least-squares 
optimization 
1000 3.79 
1100 3.19 
1200 2.74 
1250 2.57 
1300 2.41 
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Figure 2.5.10 Activity coefficient of Bismuth at various temperatures (Azakami and Yazawa, 
1967) 
 
Bode et al. (1971) measured the vaporisation loss of bismuth by calculating the mass 
difference of the crucible containing the alloy before and after melting it over the temperature 
range 1100 °C to 1300 C, where the carrier gas was pure argon. Pure argon is never perfectly 
pure, and some oxygen could have given rise to gaseous oxide species. The oxygen content 
was approximately 3 x 10
-4
 wt%, and was thus negligibly small. The authors assumed that 
two species of bismuth were present, namely the monomer Bi and the dimer Bi2. The vapour 
pressure of bismuth was subsequently calculated, followed by the activity coefficient of 
bismuth, which were very similar to those of Azakami and Yazawa (1967). The alloy used in 
the experiments contained very small wt% Bi, such that the resulting data was limiting 
activity coefficients.   
 
Predell & Emam (1973) determined the activities of bismuth and copper in copper-bismuth 
alloys at 1100 °C using the partial pressure comparison method. This involved isothermal 
distillation of bismuth in an evacuated quartz ampoule containing two sets of bismuth alloys 
with differing non-volatile second components. Their data is given as Figure 2.5.11. Their 
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value for the limiting activity coefficient of bismuth is significantly lower than most of the 
other reported values at this temperature, except that reported by Hultgren et al. (1963).  
 
 
Figure 2.5.11 Activity of Bismuth (Predell and Emam, 1973) 
 
Sigworth and Elliott (1974) gave values for the limiting activity coefficient of bismuth which 
are both considerably lower than those given in any other reference and are not a function of 
temperature, which is not possible. It is not apparent how they obtained their values so their 
data must be discounted as unreliable.   
 
Nagamori et al. (1975) investigated the distribution of bismuth between FeO-Fe2O3-SiO2-
Al2O3 slag and metallic copper. The authors accepted the limiting activity coefficient data for 
bismuth in copper (°Bi) reported by Bode et al. (1971) and Azakami and Yazawa (1967) to be 
relevant to their study regardless of the considerable difference between the values. They also 
assumed that bismuth volatilizes in two forms, namely the monomer Bi and the dimer Bi2. 
However, they argued that the partial pressure of the dimer Bi2 in the gas phase over a Cu-Bi 
melt having a low bismuth activity was negligible. As such, they then calculated new bismuth 
activity data using the measured bismuth partial pressures of Bode et al. (1971) and the 
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published vapour pressure data for bismuth monomer available in the literature 
(Kubaschewski et al., 1967). The recalculated results are in excellent agreement with the data 
of Azakami and Yazawa (1967).    
 
The transportation method was also used by Sibanda and Baker (1979) to determine the 
vapour pressure of bismuth at low concentrations in copper at 1100 °C. The authors reported 
the activity coefficient Bi to be 2.5 for the liquid composition range xBi = 0 to 0.04 with 
accuracy limits of ± 0.13 (their value is thus the limiting activity coefficient). This value is 
somewhat lower than that reported by Azakami and Yazawa (1967).  However, the authors 
argued that the lowest xBi value used by Azakami and Yazawa (1967) was 0.1, such that a 
comparison between the two sets of data was not possible. The authors extrapolated the 
activity values reported by Azakami and Yazawa (1967) at 1100 °C to xBi = 0, and argued that 
a limiting value of Bi of 2.5 was justified. It cannot be determined how the authors performed 
the extrapolation as there was no alloy composition data in the paper by Azakami and Yazawa 
(1967). 
 
Arac and Geiger (1981) used the transportation method with argon as the carrier to measure 
the vapour pressure of bismuth over a molten copper-bismuth alloy from 1200 
o
C to 1250 
o
C. 
As in the case of Azakami and Yazawa (1967), the author assumed that there were two 
species of bismuth present, namely Bi and Bi2. They subsequently calculated the activities of 
bismuth in the alloy and, in turn, the activity coefficients of bismuth in copper at NBi=0 to 
0.016. However, Arac later reported different values in a paper with Geiger in 1981. Although 
both sets of values are in good agreement with values reported by Azakami and Yazawa 
(1967), Bode et al. (1971), and Nagamori et al. (1975), there is a fundamental flaw which 
casts doubt on the validity of their data. Gaskell (2003) stated that when the activity 
coefficient of a species in a melt is greater than unity, increasing temperature must decrease 
the value of the activity coefficient. Arac’s data shows the activity coefficient increasing with 
temperature. This could perhaps have been an editing mistake in the first paper (Arac, 1980), 
but the same trend was repeated in the subsequent paper. The bismuth activity coefficient data 
of Arac is therefore regarded as unreliable. 
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Figure 2.5.12 Activity of Bismuth at 1200 ºC and 1250 ºC, where ºBi is 2.51 and 2.65 
respectively (Arac and Geiger, 1981) 
 
 
Figure 2.5.13 Activity of Bismuth at 1200 ºC and 1250 ºC (Arac and Geiger, 1981) 
 
Taskinen and Niemela (1981) determined the copper activities in liquid copper-bismuth alloys 
by experiments using a liquid electrolyte galvanic copper concentration cell at 700 ºC to 1100 
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ºC, then Gibbs-Duhem integration to obtain data for bismuth. They used a eutectic NaCl-KCl 
melt as the liquid electrolyte. Their results are given as Figure 2.5.14. The authors obtained 
higher values of γoBi than any other published data. They argued that some vapour pressure 
measurements lead to smaller bismuth activities due to inaccurate information on the 
constitution of the vapour phase at elevated temperatures. 
 
Itoh and Azakami (1984) established the activities of bismuth in liquid copper base alloys in 
the range of up to NBi=0.1 at 1100 ºC using the Knudsen effusion method which measures 
vapour pressures. It was assumed that there were two species of bismuth present, namely Bi 
and Bi2. The authors obtained limiting bismuth activity coefficient data that is lower than all 
reported by other workers who obtained their data via the transportation method, except for 
Sibanda and Baker (1979). As shown in Figure 2.5.15, the relationship between Bi and NBi is 
not linear, which is questionable. Moreover, the error bars for the experiments are not 
indicated in the figure, which implies that a linear relationship may be reasonable. 
 
 
Figure 2.5.14 Limiting activity coefficient of Bismuth (Taskinen and Niemela, 1981) 
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Figure 2.5.15 Limiting Activity Coefficient of Bismuth (Itoh and Azakami, 1984) 
 
Jiang et al. (1988) evaluated the first-order self-interaction parameter by constructing a plot of 
ln γBi values versus xBi. A least-squares analysis of the data yields a value for γBi
∞
 of 2.6, as on 
Figure 2.5.16. Lupis (1983) outlined that: 
 
Bi
Bi
BiBiBi N
 lnln      Equation 2.5.7 
 
where ln γBi
∞ is the value of ln γBi at infinite solution. For a dilute solution, the value of γBi
o
 
should be very close to γBi
∞
. As such, this value is compared to others reported in the 
literature and it was determined that the value reported by Jiang et al. (1988) is the same as 
that reported by Itoh and Azakami (1984), and in good agreement with that reported by 
Sibanda and Baker (1979). However, the authors demonstrated a linear relationship between 
Bi and xBi. Jiang et al. (1988) also discredit the work by Arac (1980) and Arac and Geiger 
(1981), believing that there was a discrepancy in the saturation pressures used in their 
calculation to determine the activities of bismuth. 
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Figure 2.5.16 Limiting Activity Coefficient of Bismuth (Jiang et al., 1988) 
 
Roine & Jalkanen (1985) used the transportation method to determine the activity coefficient 
of bismuth and a few other minor elements in copper mattes as functions of the Cu/Fe mole 
fraction ratio and of the sulphur content of the matte at 1200 C, using argon as the carrier 
gas. The authors applied a calculation method to take into account the activity decrease of the 
minor metal in the matte as the result of changing composition as the experiment progressed. 
The calculation method was claimed to also take into consideration all of the different 
components present in the gas phase. The reliability of the apparatus and calculation method 
was tested by measuring the activity coefficients of bismuth in molten copper at 1200 C with 
flow rates of 30 to 48.4 cm
3
 per minute. The activity coefficients values calculated were 
shown to be independent of the gas flow rate and therefore that the gas was saturated with 
bismuth vapour. They obtained a value for the limiting activity coefficient data of ºBi = 3.1.  
This is consistent, although a little higher, than those reported by other investigators at 1200 
C. 
 
Teppo et al. (1989) analysed the solution thermodynamics and phase equilibria of bismuth-
copper alloys at 127 
o
C - 1227 
o
C to calculate the model parameters of the excess Gibbs free 
energies of the alloy phases. They integrated experimental data from Sibanda and Baker 
(1979), Arac and Geiger (1981), Roine and Jalkanen (1985), Itoh and Azakami (1984) and 
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Jiang et al. (1988) in the optimisation of their model parameters. The resulting limiting 
activity coefficient follows the correlation given below:   
 
  09.1)(/3094ln  KTBif Cu     Equation 2.5.8 
 
In 1990, however, they published another paper in which an updated computer program was 
used for the least-squares optimisation of the coefficients of the excess Gibbs energy 
functions of the alloy phases. In this paper, instead of nine, there were eleven coefficients in 
the temperature dependency correlation of the Gibbs energy of the pure components. This 
gave a slightly revised limiting activity coefficient correlation as follow:  
 
  04.1)(/3019ln  KTBif Cu      Equation 2.5.9 
 
The values of the limiting activity coefficients given by both correlations are shown in Table 
2.5.3. They are in good agreement with values previously published by Azakami and Yazawa 
(1967), Bode et al. (1971), and Nagamori et al. (1975).  
 
Most literature data are compared on Figure 2.5.17 below. The data of Sigworth and Elliott 
(1974), Arac (1980) and Arac and Geiger (1981) were discounted as unreliable.  There are 
only five sets of literature data for the limiting activity coefficient of bismuth in molten 
copper at 1300 °C. All are close in value to each other. This adds confidence to these data 
sets, even though different experimental techniques and calculation methods were employed. 
 
Plotting the log values of γoBi versus 10
4
/T as shown in Figure 2.5.17, allows a best-fit line 
y=0.1403x-0.5379 to be drawn. Based on this best-fit line, γoBi at 1300 ºC is calculated to be 
2.26. This value will be accepted and used throughout this thesis. 
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Figure 2.5.17 Literature Data of Limiting Activity Coefficient of Bismuth in Molten Copper 
 
2.5.4 Activity coefficient of bismuth oxide 
 
The value of the activity coefficient of bismuth oxide γBiO1.5 in converter slags must be known 
because it is needed as an input to computational thermodynamics models of continuous 
copper converting. Such models can be used to predict the behaviour of minor elements, such 
as bismuth, during converting. 
 
Several studies have investigated the activity coefficient of bismuth oxide, γBiO1.5, in various 
slag systems. Their findings are summarised in Table 2.5.4.  
 
Fukatsu et al. (1976) investigated the distribution of bismuth in liquid lead and PbO-SiO2 
slags at 900 °C by using the EMF method and calculated the activity BiO1.5 to be 1.6~2.2. The 
temperature used in this work is much lower than that used during copper converting, so their 
value of the activity coefficient can be expected to be higher than that at 1300 
o
C in lead 
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silicate slags. The relevance of measurements in lead silicate slags to the behaviour of BiO1.5 
in copper converting slags is also doubtful. 
 
Table 2.5.4 Summary of literature data on the value of γBiO1.5 in slags. 
 
 
Fukatsu et al. 
(1976) 
Takeda et al. 
(1983) 
Jimbo et al. 
(1984) 
Eerola et al. 
(1984) 
Slag type PbO-SiO2 
iron silicate 
and calcium 
ferrite slags 
silica-
saturated iron 
silicate slag 
calcium ferrite 
slag 
Temperature 900ºC 1250ºC 
1200 – 
1250ºC 
1250ºC 
Oxygen 
potential (atm.) 
10
-10
 – 10-11 10-6 – 10-11 10-7 – 10-11 10-5 – 10-8 
Activity 
coefficient of 
BiO1.5 
1.6 ~ 2.2 
calcium ferrite: 
0.3 at 10
-9
 atm. 
1.5 at 10
-6
 atm. 
 
iron silicate: 
0.6 
3.3 at 1200
o
C 
1.6 at 1250ºC 
0.8 
 
 
Takeda et al. (1983) equilibrated calcium ferrite slag and copper metal containing bismuth as 
a minor element at 1250 ºC under oxygen partial pressures from 10
-9
 to 10
-6
 atm. They 
calculated the activity coefficient of BiO1.5 from their experimental distribution ratio data. 
Although the data for iron silicate slag is very scattered, as seen on Figure 2.5.18, it does 
suggest that γBiO1.5 is constant at about 0.6.  
 
There are no errors bars on the figure so it is not possible to estimate the likely error in the 
activity coefficient value. However, for calcium ferrite slag the value of γBiO1.5 increased from 
about 0.3 at 10
-9
 atm to 1.5 at 10
-6
 atm. Such a strong dependence of activity coefficient on 
oxygen partial pressure is unlikely and suggests a systematic error in the distribution data for 
calcium ferrite slag. 
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Figure 2.5.18 Activity coefficients of BiO1.5 at 1250 
o
C in iron silicate slag (solid 
                      line) and calcium ferrite slag (dashed line) (Takeda et al., 1983) 
 
Takeda et al. (1983) also presented calculated activity coefficient data as a function of the 
bismuth content of the copper alloy used, as set out in Figure 2.5.19. Not surprisingly, they 
found that the activity coefficient was not a function of the bismuth content of the alloy over a 
large range. 
 
 
Figure 2.5.19 Activity coefficient of BiO1.5 as a function of bismuth content of the 
copper alloy (Takeda et al., 1983) 
 
The bismuth slag/metal distribution ratio is small, so the BiO1.5 concentration in the slag is 
very small over the range of bismuth contents in copper used in their work. This can be seen 
on Figure 2.5.20 where the maximum mole fraction of BiO1.5 in the slag is only 10
-4
. This 
figure also shows that the activity coefficient was found to be constant at a constant oxygen 
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partial pressure, which verifies that the activity of BiO1.5 obeys Henry’s Law over this 
composition range. 
 
Figure 2.5.20 Activity coefficient of BiO1.5 as a function of the mole fraction of BiO1.5 
                        in slag at an oxygen partial pressure of 10
-8
 atm (Takeda et al., 1983) 
 
Jimbo et al. (1984) investigated the solubility of bismuth in silica-saturated iron silicate slag 
at 1200 ºC and 1250 ºC, and oxygen partial pressures between 10
-7
 atm and 10
-11
 atm. 
Bismuth was assumed to exist in the slag as two oxides, BiO and BiO1.5. By using regression 
analysis, the authors calculated the activity coefficient of BiO1.5 at infinite dilution at both 
temperatures. The values were 3.3 and 1.6 at 1200 and 1250 ºC respectively. The difference in 
the two temperatures is small, so the activity coefficient values would not be expected to 
differ as much as reported. They considered that the value of γBiO1.5 calculated at 1250 ºC i.e. 
1.6, was the more accurate of the two values.  This value is much higher than that reported by 
Takeda et al. (1983), and may be a consequence of the assumption that bismuth was present 
as both BiO and BiO1.5. This assumption is not supported by the results of Takeda et al. 
(1983). 
 
Eerola et al. (1984) investigated the distribution of bismuth in calcium ferrite slags under 
copper refining conditions at 1250 ºC and calculated the activity coefficient of BiO1.5. 
Contrary to the data reported by Takeda et al. (1983) for the same oxygen partial pressure 
range, they found that the activity coefficient of BiO1.5 was not a function of the oxygen 
partial pressure, as seen on Figure 2.5.21. 
 
These results are believed to be more reasonable than those of Takeda et al. (1983), as there is 
no reason for a strong dependency of the activity coefficient on oxygen partial pressure at 
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such low concentrations of BiO1.5 in slag. They reported the value of γBiO1.5 to be 0.8 ± 0.1, 
which is within the range of values reported by Takeda et al. (1983). 
 
 
Figure 2.5.21 Activity coefficients of minor components in calcium ferrite slags at 1250 
o
C 
(Eerola et al., 1984) 
 
It can be concluded that the values of the activity coefficients of BiO1.5 in both iron silicate 
and calcium ferrite slags at 1250 
o
C are very similar and are most likely to be within the range 
of 0.6 to 0.8. 
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2.5.5  Acid-base nature of BiO1.5 
 
Nothing explicit has been said in the literature regarding the acid-base behaviour of BiO1.5. 
The close similarity of the data from Takeda et al. (1983) for iron silicate slag and calcium 
ferrite slag implies “neutral” behaviour – in that the distribution behaviour of BiO1.5 in an 
acidic and a basic slag is the same. However, by comparing his activity coefficients data to 
that reported by Fukatsu et al. (1976), i.e., that the activity coefficient of BiO1.5 is lower in 
calcium ferrite slag rather than the silica based slag, Eerola et al. (1984) claimed that calcium 
ferrite slag is better at removing bismuth than iron silicate slag, implying that BiO1.5 is acidic 
in nature. This suggestion is not well-supported, given that the data reported by Fukatsu et al. 
(1976) is relevant to a much lower oxygen potential and temperature than those used by 
Eerola et al. (1984). 
 
Comparing the chemical behaviour of bismuth to that of its near neighbours in the Periodic 
Table is one way of predicting the acid/base nature of BiO1.5. Lead is located beside bismuth 
in the Periodic Table and PbO is regarded as a basic oxide (Yazawa, 1994). Antimony is 
located above bismuth in the Periodic Table and Kaur et al. (2009) showed that SbO1.5 
behaves as an acidic oxide in slags. Unfortunately this does not lead to a confident prediction 
regarding the nature of BiO1.5.  
 
It is concluded that there is no consensus of evidence relating to the acid/base behaviour of 
BiO1.5, although there is some support for the view that it is a neutral oxide. 
 
Figure 2.5.22 Activity coefficients of CuO0.5 in CaO-FeOn-SiO2 slag at 1300 ºC and oxygen 
potential 10
-8
 - 10
-6
 atm, where Q = wt% CaO/(wt%CaO + wt%SiO2) (Takeda, 1994) 
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If it is assumed that BiO1.5 behaves as a neutral oxide in slags, this does not mean that the 
activity coefficient of BiO1.5 in FCS slags will be the same as that in both iron silicate and 
calcium ferrite slags. CuO0.5 is regarded as a neutral oxide (Yazawa, 1994) but theoretical 
analysis and experimental measurements show that the activity coefficient of such a neutral 
oxide in FCS slags varies greatly with composition. This is best illustrated by a figure 
published by Takeda (1994), given as Figure 2.5.22. 
 
2.6 Conclusions 
 
Several issues of relevance to the focus of this thesis have been revealed by the literature 
survey: 
 
 copper converting takes place at 1300 oC and an oxygen partial pressure of 
approximately 10
-6
 atm, so these are the conditions that should be used in this work. 
 
 in the copper-saturated FeOx-CaO-SiO2 system under the above conditions, the 
composition range under which the slag is a single phase liquid is defined by the Kongoli 
diagram. In order to avoid being too close to saturation boundaries, the Fe/SiO2 ratio of 
the slags should be approximately 1.0 to 1.7, and the CaO content approximately 5 to 30 
wt%. 
 
 the slag/metal distribution ratio for bismuth between iron silicate and calcium ferrite 
slags and copper is not very sensitive to temperature, and in the range 1200 – 1300 oC it 
has been variously reported to be in the range 0.015 to 0.05. 
 
 while there is considerable disagreement over the nature of bismuth in slags over a 
wide oxygen partial pressure range, under high oxygen partial pressures the critical 
review shows that it is the trivalent oxide BiO1.5. 
 
 the limiting activity coefficient of bismuth in molten copper has been determined in 
many previous studies.  The critical review indicates that a value of 2.26 at 1300 
o
C 
should be used in this work. 
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 few studies have been conducted which give values for the activity coefficient of 
BiO1.5 in slags.  It appears likely, from the critical review, that the value is in the range 
0.6 to 0.8 for both iron silicate and calcium ferrite slags. 
 
 the similarity of the activity coefficients of BiO1.5 in an acidic slag and a basic slag 
suggests that BiO1.5 is probably behaving as a neutral oxide. 
 
Most importantly, the distribution behaviour of bismuth between copper and slags in the 
FeOx-CaO-SiO2 system has not been reported. Given that these slags are of considerable 
interest as a replacement for slags currently used for continuous copper converting, 
determining the bismuth distribution ratio between copper and these FCS slags will provide 
original and valuable data for industry.   
 
The way in which the activity coefficient of BiO1.5 varies across the liquid field in these slags 
can be calculated from the distribution data, and will also provide useful fundamental 
information and insights on the general phenomenon of the interactions between molten slags 
and dissolved minor element oxides. 
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CHAPTER 3  
 
RESEARCH QUESTIONS 
 
Limited investigation on minor element distribution has been conducted and reported in 
literature for various elements in iron silicate and calcium ferrite slag systems. However, 
distribution of bismuth in FCS slag has never been reported and its acid/base property is 
uncertain.  
 
The research project aims to determine the distribution of bismuth between molten copper and 
FeOx-CaO-SiO2 slag. The distribution ratio will be mapped over all compositions which are 
liquid at typical copper converting conditions of 1300 
o
C and an oxygen partial pressure of 
10
-6
 atm. This study has never been performed previously and it is the hope of the author that 
it will provide important new data for slag designers and the industry. 
 
The main research questions for this study are as follow: 
 
1. How does LBi
s/m
 vary with wt% CaO at constant Fe/SiO2 ratio? 
2. How does LBi
s/m
 vary with Fe/SiO2 ratio at constant wt% CaO? 
3. What is the form of the “iso – L” lines over the whole liquid field? 
4. What does this add to our understanding of minor element oxide behaviour in slag 
systems? 
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CHAPTER 4  
 
EXPERIMENTAL METHODOLOGY 
 
4.1 Experimental Design 
 
The classical three-phase equilibration method, in which equilibrium is approached from 
“both sides”, was employed to answer research questions (1) and (2). This method has been 
successfully used by many workers, including Kaur et al. (2010) in their study on the 
distribution of lead, nickel and antimony between FCS slags and copper and Kho et al. (2006) 
in their study on the distribution of cobalt between iron silicate slag and copper matte. It 
provides a much greater degree of confidence that equilibrium has been achieved than when 
equilibrium is approached from one side e.g. by only performing experiments in which the 
metal oxide is added to the slag. 
 
Master slags in the FeOx-CaO-SiO2 system were prepared and pre-equilibrated with copper at 
an oxygen partial pressure of 10
-6
 atm so that they would be saturated with Cu2O.  Following 
validation of the method and establishment of the minimum time required for equilibrium, 
two series of experiments were conducted with slags that had either a constant CaO content or 
a constant Fe/SiO2 ratio. In the first series, a small amount of BiO1.5 was added to the slag 
which was then equilibrated with pure copper metal at 1300 
o
C and an oxygen partial pressure 
of 10
-6
 atm for times varying from 4 to 16 hours. In the second series, copper containing a 
small concentration of bismuth was equilibrated with slag under the same conditions and for 
the same range of contact times.  
 
In all cases the slag and copper were separated from each other, and from the magnesia 
crucible, and analysed for bismuth and the main slag species. 
 
4.2 Material Preparation 
 
4.2.1 Slag 
 
Master slags of desired composition (ie. Fe/SiO2 and CaO content) were made from powdered 
Fe3O4, calcined CaCO3, and finely ground quartz glass (SiO2). Calcination of CaCO3 was by 
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heating in a muffle furnace in air at 1250 
o
C for 90 minutes. These three raw materials were 
thoroughly mixed in a ring grinder. 
 
The mixture was packed into a magnesia crucible for melting. The slags needed to be pre-
saturated with copper, otherwise equilibration time during the distribution experiments would 
be unnecessarily prolonged, so some copper metal was added to the magnesia crucible. The 
crucible was placed into a vertical tube furnace and heated to 1300 
o
C under an oxygen partial 
pressure of 10
-6
 atm for six hours. The oxygen partial pressure was achieved with a 
N2/CO/CO2 gas mixture, as will be described later. 
 
The crucible was cooled in the furnace under the gas mixture and subsequently removed from 
the furnace. It was then broken up and the master slag carefully separated from the crucible 
and copper metal. The master slag was ground in a ring mill and stored for use in individual 
experiments. 
 
Copper entrainment could be observed in some master slag samples. All slag samples were 
sieved prior to sending them for analysis. Sieving was found to remove the majority of 
entrained copper, which had been flattened into plates during ring grinding. 
 
4.2.2 Alloy 
 
A copper-10 wt% bismuth master alloy was made by melting lump metallic bismuth and 
high-conductivity copper wire under nitrogen gas at 1200 
o
C.  The alloy was then cut into 
small pieces and stored. For each individual distribution experiment requiring copper-bismuth 
alloy, this master alloy was added to the crucible together with enough additional pure copper 
to reduce the final bismuth content to approximately 1.25 wt%. 
 
4.3 Equipment 
 
4.3.1 Furnace 
 
All experiments were conducted in a vertical tube furnace heated by silicon carbide resistance 
elements and made by B&L Tetlow Pty Ltd, see Figure 4.3.1.  A vertical mullite tube of 1000 
mm height, 50 mm internal diameter and 5 mm wall thickness was used as the reaction tube. 
Both ends of the tube were closed with aluminium end-caps fitted with Viton O-rings. These 
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O-rings needed to be inspected frequently and replaced when they showed any signs of 
thermal degradation. The life of the O-rings was extended by using small electric fans, as used 
in personal computers, to blow ambient air over the top and bottom end-caps. The furnace 
was fitted with a Shinko FSC23A temperature controller and the sensor thermocouple was a 
type R (Pt/Pt-13% Rh) thermocouple situated near the middle, and touching the outside, of the 
furnace tube. 
 
Figure 4.3.1 Vertical tube furnace made by B&L Tetlow Pty Ltd. 
 
The hot zone of the furnace was determined by recording the temperature inside the tube 
using a type R thermocouple inserted through the bottom end cap. The top end cap must be 
closed during this procedure to stop the “chimney” effect. The position of the thermocouple 
was adjusted by 10 mm increments, and the temperature at each increment recorded after 5 
minutes of thermal equilibration time. The results are given in Figure 4.3.2. The hottest point 
was determined to be 520 mm above the bottom end cap, with the temperature varying by no 
more than 2 
o
C for a distance of 20 mm either side of the hottest point.  Due to the positioning 
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of the sensor thermocouple, the furnace controller setpoint needed to be higher than the 
desired temperature at the hot zone inside the furnace tube.  It was found that a setpoint of 
1342 
o
C resulted in a temperature of 1300 
o
C at the hot zone. 
 
 
Figure 4.3.2 Hot zone determination of the vertical tube furnace with furnace controller set at 
1342 
o
C  
 
4.3.2 Sample support 
 
For each experiment, slag and alloy were contained in a 99.4% magnesia crucible supplied by 
Ozark Technical Ceramics Inc. Each crucible was of 40 mm height, 18 mm outer diameter 
and 5 mL volume. 
 
The method of supporting the sample within the vertical tube can be seen in Figure 4.3.3. An 
alumina tube closed on one end was used as a stalk to locate the crucible into the hot zone of 
the furnace. A platform to support the crucible was made from alumina cement and was 
attached to the closed end of the alumina tube. A type R thermocouple was inserted into the 
alumina stalk until it touched the closed end, to indicate the temperature inside the furnace. 
The alumina stalk was supported through the bottom end cap and held in place by a brass 
fitting sealed with Viton O-rings. The position of the crucible in the furnace could be adjusted 
by loosening the brass fitting and moving the stalk up or down as necessary. 
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Figure 4.3.3 Arrangement of the sample support within the furnace used in this work. 
 
Bismuth is a relatively volatile metal at high temperatures and this could lead to the continual 
loss of bismuth during experiments. Under these conditions, equilibrium would never be 
achieved. The vapour pressure of bismuth was evaluated using the software HSC Chemistry 
for Windows. The following relevant thermodynamic data for a temperature of 1300 
o
C was 
extracted from the database: 
 
Bi = Bi(g)  K = 7.28 x 10
-2
   Equation 4.3.1 
 
2Bi = Bi2(g)  K = 6.80 x 10
-2
   Equation 4.3.2 
 
3Bi = Bi3(g)  K = 4.17 x 10
-3
   Equation 4.3.3 
 
4Bi = Bi4(g)  K  = 7.06 x 10
-4
   Equation 4.3.4 
 
The bismuth monomer and dimer are clearly the only significant contributors to the total 
bismuth vapour pressure. 
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The HSC software was then used to calculate the vapour pressure of bismuth over pure 
bismuth metal, with the results given as Figure 4.3.4. It can be seen that the total vapour 
pressure is approximately 15 mol% i.e. 0.15 atm at 1300 
o
C. This is a high vapour pressure.   
However, in the experiments in this work the bismuth is dissolved at about 1 wt% 
concentration in copper, and so the vapour pressure will be much lower.  HSC was used to 
determine the vapour pressure of bismuth over such an alloy and the results are given as 
Figure 4.3.5. The limiting activity coefficient of bismuth in copper was taken as 2.26, the 
value found in Section 2.5.3 of this thesis. 
 
It can now be seen that the only significant species is Bi(g) and its partial pressure at 1300 
o
C 
is only 0.05 mol% i.e. 5 x 10
-4
 atm. While small, significant bismuth loss could still be 
expected for long equilibration times. 
 
 
 
Figure 4.3.4 The vapour pressure of bismuth species over pure bismuth at 1300 
o
C. 
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Figure 4.3.5 The vapour pressure of bismuth species over a 1 wt% Bi – copper alloy at 
1300 
o
C 
 
Louey et al. (1999) faced a similar problem with their work on tin in copper mattes and 
developed a simple technique which was found to be very successful. The magnesia sample 
crucible containing slag and metal was covered by an inverted alumina crucible, set in a bed 
of alumina powder, to minimise tin loss via volatilisation. The same method was used in this 
work.   
   
 
Figure 4.3.6 Arrangement of the crucible assembly used in this work:  
Left:   sample crucible on an alumina tray layered with alumina powder; 
Right:   sample crucible on alumina tray covered with an inverted alumina crucible 
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4.3.3 Gas system 
 
The oxygen partial pressure inside the furnace was controlled by the flow rates of carbon 
monoxide, carbon dioxide and nitrogen. These flowrates were controlled by Sevenstars mass 
flow controllers, as shown in Figure 4.3.7. The gas entered the furnace via stainless steel 
tubing from the top of the furnace tube and exited from the bottom, as shown on Figure 4.3.8. 
 
 
Figure 4.3.7 Sevenstars mass flow controller and gas purification molecular sieves 
 
Oxygen and 
moisture 
molecular 
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Figure 4.3.8 Arrangement of the sample crucible within the furnace used in this work 
 
The oxygen partial pressure inside the furnace was governed by the following reaction: 
22
2
1
COOCO       Equation 4.3.5 
such that:   
COO
CO
pp
p
K
5.0
2
2       Equation 4.3.6 
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Rearranging Equation 4.3.6 gives: 
 
5.0
2
2
O
CO
CO
Kp
p
p

      Equation 4.3.7 
From the HSC database the value of 71280
1300

C
K   and so for an oxygen partial pressure of 
10
-6
 atm, the value of 
CO
CO
p
p
2 can then be calculated and is 71.28. The gas therefore needs to 
contain: 
%6.98%100
128.71
28.71
% 2 

CO
 
and   
%4.1%6.98%100% CO . 
 
The flowrates of the two gases were set at 295.8 cm
3
/min for CO2 and 4.2 cm
3
/min for CO.   
 
As the required CO flow rate is very small and would be subject to significant error, a gas 
mixture containing nominally 5% CO in N2 was utilised. The gas mixture was supplied by 
Coregas with a quoted analysis of 5.04% CO. The required flow of 5% CO-N2 mixture gas to 
give the desired amount of CO is therefore 83.33 cm
3
/min. The Sevenstars mass flow 
controllers were calibrated for pure nitrogen, so a correction factor needs to be applied for 
other gases.  The correction factor for the N2-CO mixture was 1 because the gas is almost 
pure nitrogen. The correction factor for CO2 was given as 0.737, so the indicated flowrate on 
the Sevenstars controller for CO2 needed to be 401.4 cm
3
/min.  
 
The total gas flowrate of 380 cm
3
/min was high enough to avoid any composition variation 
caused by thermal diffusion in the hot furnace tube. 
 
As a precaution, the gas flowrates from the Sevenstar mass controller were checked using a 
bubble flow meter. The gas was passed through a 100 mL precision burette, into which a soap 
bubble was introduced. The travel time of the soap bubble was measured by using a 
stopwatch and the flowrate calculated. It was found that the difference between the indicated 
and actual flowrates determined by the bubble flowmeter was insignificant. 
 
 - 93 - 
 
A bubbler containing dibutyl phthalate at the gas exit from the furnace was necessary to 
prevent back-diffusion of oxygen from air into the furnace. Dibutyl phthalate is a suitable 
liquid because it has a very low vapour pressure of only 0.01 mmHg at 25 
o
C. 
 
All gas entering the furnace passed through Varian oxygen and moisture molecular sieve 
towers to remove any excess moisture and oxygen.  When the sieve has reached its absorption 
capacity, sensitive indicators change colour, and the sieves then need to be replaced.  For 
instance, a fresh moisture indicator is green and when < 0.1 ppm of water is present, the 
indicator changes colour to pale brown. The sieves used in this work were replaced at the first 
indication of a colour change. 
 
The gas tightness on all seals and joints was checked by using the simple soapy water test.  If 
a leak was present, bubbles would be formed.  As extra assurance, a pressure test was 
performed before every experiment by sealing the gas outlet at the bubbler with the gas flow 
turned off. The pressure inside the furnace, as indicated by the level of dibutyl phthalate in the 
glass tube inside the bubbler, was observed.  If the furnace was gas tight, the level would not 
decrease. 
 
The oxygen partial pressure inside the furnace was confirmed using a zirconia ceramic 
electrolyte oxygen probe made by Ceramic Oxide Fabricators, which was suitable for 
measuring oxygen concentrations from pure oxygen to 10
-24
 atm at temperatures between 700 
and 1700 
o
C.  According to Nernst equation: 
 










2
2ln
O
O
p
p
nF
RT
E      Equation 4.3.8 
where: 
E = sensor electromotive force (mV) 
R = gas constant (8.314 J/K.mol) 
T = temperature (K) 
n = number of charges per reactant species 
F = Faraday constant (96485.3383 coulomb/mole) 
po2 = reference oxygen partial pressure (atm) 
p’o2 = oxygen partial pressure to be measured (atm) 
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As the oxygen partial pressure in the furnace was compared to air, po2 = 0.209 atm.  Equation 
4.3.8 can be simplified to: 
 





 

T
E
pO
421.46
exp209.0
2
 atm.   Equation 4.3.9 
 
Clean reference air was supplied at a rate of 10 cm
3
/min to the reference air connection on the 
probe head using a tube connected to a small aquarium air pump.  The probe was inserted into 
the furnace via the top end-cap and was sealed using Viton O-rings.  At 1300 ºC, the average 
EMF voltage recorded from the voltmeter was 414 mV which, when substituted into equation 
4.3, gives a po2 of 1.04 x 10
-6
 atm. It is therefore confirmed that the chosen gas flowrates do 
produce the desired oxygen partial pressure in the hot zone of the furnace. 
 
4.4 Procedure 
 
Two series of experiments were performed for each slag composition: one in which metallic 
bismuth was initially contained in copper; and the other in which BiO1.5 was contained in the 
slag.  For each experiment, approximately 5g of slag and 5g of copper were placed into a 
magnesia crucible. The magnesia crucible was placed on the bed of alumina powder and then 
covered with the inverted alumina crucible. The assembly was subsequently inserted into the 
furnace and slowly heated to 1300 ºC to avoid thermal shock to the crucibles, the furnace and 
its components. A typical heating curve for an experiment is shown in Figure 4.4.1 below. 
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Figure 4.4.1 Furnace heating curve for an 8 hour experiment 
 
After a predetermined time varying from 4 to 16 hours, the crucible assembly was lowered 
into the cool zone of the furnace and cooled to 1000 ºC within a few minutes. The sample was 
then slowly cooled to room temperature in air before being removed from the furnace. The 
crucible was broken up with a hammer and the copper and slag carefully separated from each 
other and the magnesia crucible by hand. The copper was cleaned of any adhering slag with a 
file. The slag was finely ground and sieved to remove entrained copper.   
 
4.5 Sample Analysis 
 
Slag was provided to the analyst as a fine powder.  It was fused with sodium peroxide then 
dissolved in hydrochloric acid prior to analysis using inductively-coupled plasma atomic 
emission spectrometry (ICP-AES). The slag was analysed for bismuth, copper, total iron, 
silica, magnesia and lime. 
 
Copper was provided as a metal button. When copper containing a little bismuth cools, solid 
copper crystals and a bismuth-enriched liquid are formed, as can be seen in Figure 4.5.1. As 
further cooling takes place, more solid copper forms while the liquid becomes further 
enriched in bismuth. The liquid gets pushed between the copper grains and therefore, when 
the alloy finally solidifies, bismuth films exist around copper grains. 
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Figure 4.5.1 Cu-Bi phase diagram (Massalski, 1986) 
 
Bismuth segregation during cooling can therefore lead to sampling errors. An alloy sample 
might contain mostly copper crystals or a lot of bismuth-enriched grain boundary material.  
This source of error was avoided by sampling the alloy either by sawing it through and then 
collecting the powder or by drilling several small holes at random and collecting the swarf. 
Trials showed that both methods gave the same analytical results, so it was concluded that 
either sampling method was a satisfactory way to avoid segregation errors. 
 
Copper was dissolved in aqua regia and then analysed for bismuth using inductively-coupled 
plasma atomic emission spectrometry (ICP-AES). 
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4.6 Error Analysis 
 
The accuracy of the distribution data is affected by the relative errors in all variables that 
affect the bismuth distribution. The distribution of bismuth between slag and copper is given 
by: 
  
  
5.1
2
2/
/
BiOT
x
OBiTms
Bi
n
pnK
L


     Equation 4.6.1 
and therefore the experimental variables that affect the measured distribution ratio are: 
 oxygen partial pressure;  
 temperature, which affects the equilibrium constant “K”; and  
 slag and metal composition, which determine (nT) and [nT]. 
 
4.6.1 Temperature 
 
The temperature recorded by the thermocouple during experiments fluctuated by ± 3 
o
C. The 
standard Gibbs free energy for the oxidation of bismuth to BiO1.5 was given by Takeda et al. 
(1983) as: 
 
TG 05.133284300      Equation 4.6.2 
 
The equilibrium constant at 1300 
o
C is calculated to be 5.74, and at 1297 
o
C and 1303 
o
C it is 
5.78 and 5.69 respectively.  The relative error in K is therefore 0.7%.  The error in the 
distribution ratio caused by temperature variations can be seen to be very small. 
 
4.6.2 Oxygen partial pressure 
 
The Sevenstars mass flow controller has a reported accuracy of ± 1 %.  If the CO2 volumetric 
flowrate is increased by 1% and the CO flowrate is decreased by 1%,  the pO2 that should arise 
from this new CO/CO2 ratio is calculated to be 1.01 x 10
-6
 atm.  The corresponding relative 
error in pO2 is 1.7%. 
 
If the CO2 volumetric flowrate is decreased by 1% and the CO flowrate is increased by 1%,  
the pO2 that should arise from this new CO/CO2 ratio is similarly calculated to be 9.38 x 10
-7
 
atm.  The corresponding relative error in pO2 is 6.17% and this value will be taken into 
account in the calculation for total relative error. 
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4.6.3 Slag and Alloy Compositions 
 
The reported absolute error in the chemical analysis for bismuth was ± 0.02 wt% with a 
minimum detection limit of 0.01 wt%.  The mean bismuth content of the copper alloys is 0.12 
wt% and therefore the relative error is 17%. 
 
The mean bismuth content in slag is 1.8 wt% and, therefore, the relative error can be 
calculated as 1%. 
 
4.6.4 Error in the distribution ratio 
 
All of the variables involved in the calculation to obtain LBi
s/m
 are either multiplied or divided. 
Therefore, the relative error in LBi
s/m
 is the sum of the relative errors of the variables.  
 
The sum of all the relative errors of the variables involved in the calculation to obtain LBi
s/m
 is 
approximately ± 25%. 
 
This relative error is quite large, and could only have been reduced by a much more accurate 
method of determining the bismuth content of the copper alloy.  Such a method was 
unfortunately not available. 
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CHAPTER 5  
 
RESULTS & DISCUSSION 
 
The results obtained from experiments performed as described in the previous chapter are 
presented and discussed in this chapter.   
 
Initially, preliminary experiments were conducted to validate the experimental method.  This 
entailed determining the distribution of bismuth between copper and calcium ferrite slag.  
There is distribution data in the literature for this slag.  A satisfactory match between the 
literature data and the results from this work will be taken as validating the experimental 
method.  It was next necessary to determine the minimum time required for equilibrium to be 
established for bismuth distribution between copper and a slag in the copper-saturated FeOx-
CaO-SiO2 system.  Experiments involving both bismuth in copper and BiO1.5 in slag were 
performed with increasing contact times.  The minimum time required was that after which no 
further change in the bismuth distribution ratio, within experimental error, took place. 
 
The main body of work in this thesis is the experiments involving bismuth distribution 
between copper and slags of varying compositions within the copper-saturated FeOx-CaO-
SiO2 system.  Slag composition was varied in two ways.  In one series of experiments, the 
Fe/SiO2 ratio was held constant while the CaO content was varied.  In the other series of 
experiments, the CaO content was held constant while the Fe/SiO2 ratio was changed.  The 
results of the distribution experiments were then used to plot iso-distribution ratio lines on the 
‘Kongoli form’ of the copper-saturated FeOx-CaO-SiO2 system.   
 
Finally, the activity coefficients of BiO1.5 in the slags were calculated and presented as iso-
activity coefficient lines on the ‘Kongoli form’ of the copper-saturated FeOx-CaO-SiO2 
system.  These activity coefficient values were then used in a thermodynamic model of a 
continuous copper converter to predict the way in which bismuth would distribute between 
waste gas, slag and copper for both calcium ferrite slag, as a base case, and FeOx-CaO-SiO2 
slags.  The implications for appropriate choices of slag composition for continuous copper 
converting are discussed. 
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5.1 Validation Experiments 
 
Validation tests were conducted to ensure that the proposed methodology could achieve 
results very similar to those published in the literature.  The classical three-phase equilibration 
method was performed in which iron silicate slag and bismuth added to either slag as BiO1.5 
or copper were equilibrated. Subsequently, further validation experiments were performed in 
which calcium ferrite slag and copper-bismuth alloy were equilibrated.  
 
Table 5.1.1 Validation results for iron silicate and calcium ferrite slags at 1300 
o
C 
System Exp. Time 
(hrs) 
wt% Bi 
in Cu 
wt% Bi 
in slag 
LBis/m 
 
wt% 
Fe 
 
wt% 
SiO2 
 
Fe/SiO2 
 
wt% 
Cu 
 
wt% 
CaO 
Cu/FCS-
Bi2O3 AS4-1 4 0.12 1.72 0.07 35.70 
 
25.90 1.38 12.10 - 
Bi-Cu/FCS AM4-3 4 0.15 1.72 0.09 35.42 
 
25.51 1.39 11.11 - 
Cu/FCS-
Bi2O3 AS6-2 6 0.14 1.71 0.08 34.56 
 
24.58 1.41 10.33 - 
Bi-Cu/FCS AM6-3 6 0.15 2.23 0.07 35.73 
 
24.69 1.45 10.32 - 
Cu/FCS-
Bi2O3 AS8-1 8 0.10 1.81 0.06 37.00 
 
26.90 1.38 10.70 - 
Bi-Cu/FCS AM8-1 8 0.09 1.81 0.05 37.10 
 
26.50 1.40 10.20 - 
Bi-Cu/ 
Calcium 
ferrite DM02-A 4 0.26 1.52 0.17 - 
 
 
- - 15.10 - 
Bi-Cu/ 
Calcium 
ferrite DM02-B 6 0.27 1.34 0.20 40.50 
- 
- 14.80 18.50 
Bi-Cu/ 
Calcium 
ferrite DM02-C 6 0.25 1.27 0.20 - 
- 
- 17.40 - 
 
5.1.1 Iron silicate slag   
 
The validation experiments involving iron silicate slag were conducted at various 
equilibration times to ensure that equilibrium was reached. The distribution ratios, LBi
s/m
, are 
shown as a function of equilibration time on Figure 5.1.1.  Despite the lower set of data at 8 
hours of contact time, all data points are within experimental errors of the same mean value.  
However, at equilibrium all composition parameters will be constant and so the copper 
content of the slag should also remain constant.  It is apparent from Table 5.1.1 that the 
copper content of the slags at 4 hours of contact time are higher than those at 6 and 8 hours, 
and that they are constant within experimental errors.  It is concluded that 6 hours is the 
minimum time required to reach equilibration with these slags. 
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Figure 5.1.1 Validation experiments with iron silicate slag as a function of equilibration 
time at 1300 
o
C and an oxygen partial pressure of 10
-6
 atm 
 
The mean of all LBi
s/m
 values at 6 and 8 hours of contact time are plotted in Figure 5.1.2 
against published values by Takeda et al. (1983) so that a comparison could be made.  It can 
be seen that the mean value from the validation experiments lies very close to the extension of 
the data of Takeda et al.  Their work was conducted at 1250 
o
C, while this work was 
conducted at 1300 
o
C. However, they also showed that the distribution ratio is little affected 
by temperature.  It is concluded that this result provides strong evidence of the validity of the 
method used in this work. 
 
Takeda et al. (1983) did not report data for iron silicate slag at an oxygen partial pressure 
greater than 10
-7
 atm.  They argued that the slag would be magnetite saturated at higher 
oxygen partial pressures.  Unfortunately, they did not report the composition of the slag used 
in their work.  However, it is possible to infer that their slag had an Fe/SiO2 greater than 1.5, 
which is a little higher than that used in this work.  Figure 5.1.3 shows the phase relations in 
copper-saturated FeOx-CaO-SiO2- slags as a function of temperature at an oxygen partial 
pressure of 10
-6
 atm (Kongoli et al., 2008).  It can be seen that at 1250 
o
C, magnetite 
saturation would only occur for slags with an Fe/SiO2 (w/w) ratio of the iron silicate slag 
greater than 1.5. 
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Figure 5.1.2 Comparison of validation experiment with iron silicate slag to literature data  
 
 
Figure 5.1.3 Phase relations in copper-saturated FeOx-CaO-SiO2 slags as a function of 
temperature at an oxygen partial pressure of 10
-6
 atm (Kongoli et al., 2008) 
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5.1.2 Calcium ferrite slag 
 
The experimental method was further validated by equilibrating calcium ferrite slag with 
copper-bismuth alloy.  Calcium ferrite is much less viscous than iron silicate so equilibrium 
should be reached in a shorter period of time than for iron silicate slag.  However, as a 
precaution, the minimum contact time for calcium ferrite slag was also taken as 6 hours. 
 
The distribution ratio, LBi
s/m
, for the calcium ferrite experiments is also given in Table 5.1.1 
and it can be seen that it is 0.2.  This is shown in Figure 5.1.4, compared to the data of Takeda 
et al. (1983) and Eerola et al. (1984). 
 
Figure 5.1.4 Comparison of validation experiment with calcium ferrite slag to literature 
data. 
 
It can be seen that the LBi
s/m
 value from this work is in reasonable agreement, within 
experimental errors as shown by the scatter in the published data, with the results reported by 
Eerola et al. (1984).  However, they are very different to the results reported by Takeda et al. 
(1983).  As previously explained in Section 2.5.4, the data of Takeda et al. (1983) for calcium 
ferrite slag implies a strong dependence of the activity coefficient of BiO1.5 on oxygen partial 
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pressure.  This is unlikely and it was earlier argued that this suggests a systematic error in the 
results of Takeda et al. for calcium ferrite slag. 
 
It is concluded that the results of the experiments with calcium ferrite slag also validate the 
methodology used in this work. 
 
5.1.3 Volatilisation losses 
 
The validation experiments were also used to assess the extent of bismuth loss from the 
sample crucibles by volatilisation.  A mass balance was performed over some of the 
experiments.  The masses of slag and copper after an experiment could not be directly 
measured because, during the break-up of the crucible, some slag remained on the magnesia 
crucible.  The mass of metal was also affected by loss of copper due to entrainment in the 
slag.  For this reason the final mass of both slag and copper was calculated from analytical 
data.  In the case of iron silicate slag, silica was a species that was not involved in any 
chemical reactions and so could be used to calculate the final slag mass.   
 
The initial “master” iron silicate slag for all validation experiments contained 26% SiO2 and 
15.7% Cu2O.  Using the data for AS6-2, given in Table 5.1, where 4.900 g of slag was used: 
 
(slag mass * wt%SiO2)initial = (slag mass * wt%SiO2)final 
 (slag mass)final = 4.900 g * (26 wt%/24.6 wt%)  
(slag mass)final = 5.18 g 
 
The mass of copper metal initially was 5.001 g, but the master slag contained Cu2O so the 
total initial mass of copper can be calculated as: 
 
 (Cu)initial = 5.001 g + 4.900 g * (15.7 wt%/100) 
 (Cu)initial = 5.77 g 
 
After the experiment the mass of copper in the final slag is: 
 
 (Cu)final, slag = 5.18 g * (10.3 wt%/100) = 0.535 g 
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The final mass of copper is the initial copper mass less the mass of copper in slag: 
 
 (Cu)final = 5.77 g – 0.535 g = 5.235 g 
 
The mass of Bi2O3 initially added was 0.111 g, which by stoichiometry contains 0.100 g of 
bismuth, so: 
  
(Bi)initial = 0.100 g 
 
The final mass of bismuth in slag and metal is: 
 
 (Bi)final = (Bi)slag + (Bi)metal 
   = [5.18 g * (0.140 wt%/100)] + [((100+1.71)/100 * 5.235 g) * (1.71 
wt%/100)] 
  = 0.007 g + 0.091 g  
  = 0.098 g 
 
The initial mass of bismuth was 0.100 g so 0.002 g has been lost i.e. 2% of the initial mass. 
 
Similarly, the vaporisation losses were calculated for each of the iron silicate experiments and 
the data provided in Table 5.1.2 below. Mass losses by volatilisation are concluded to be 
insignificant. 
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Table 5.1.2 Vaporisation losses of bismuth in experiments with iron silicate slag 
System Exp. Initial Final Bi loss 
(g) wt% 
SiO2 
 
wt% 
Cu2O 
Slag 
(g) 
Cu 
metal 
(g) 
Bi (g) wt% 
SiO2 
 
Slag 
(g) 
wt% 
Cu 
 
wt% Bi 
in slag 
wt% Bi 
in 
metal 
Cu 
metal 
(g) 
Bi (g) 
Cu/FCS-Bi2O3 AS4-1 26 15.7 4.901 5.001 0.10 25.9 4.92 12.1 0.12 1.72 5.18 0.096 0.003 
Bi-Cu/FCS AM4-3 26 15.7 5.000 4.890 0.11 25.5 5.10 11.1 0.15 1.72 5.11 0.097 0.017 
Cu/FCS-Bi2O3 AS6-2 26 15.7 4.900 5.001 0.10 24.6 5.18 10.3 0.14 1.71 5.24 0.098 0.002 
Bi-Cu/FCS AM6-3 26 15.7 5.000 4.888 0.11 24.7 5.27 10.3 0.15 2.23 5.13 0.125 -0.011 
Cu/FCS-Bi2O3 AS8-1 26 15.7 4.900 5.000 0.10 26.9 4.74 10.7 0.10 1.81 5.26 0.102 -0.002 
Bi-Cu/FCS AM8-1 26 15.7 5.001 4.887 0.11 26.5 4.91 10.2 0.09 1.81 5.17 0.100 0.014 
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5.2 Equilibration Time for FCS slags 
 
The validation experiments described above show that a minimum equilibration time of 6 
hours should be satisfactory for all slags in the copper-saturated FeOx-CaO-SiO2 system.  This 
is because it was sufficient for the most viscous slags expected in this system (i.e. those not 
containing any CaO), and they will provide the greatest mass transfer resistance to the 
reactions taking place. 
 
Despite this, it was decided to confirm the equilibration time with two slags of very different 
compositions because the value of the results obtained in this work depend critically on the 
achievement of equilibrium. 
 
Table 5.2.1 Equilibrium time experiments with FCS slags at 1300 
o
C and pO2=10
-6
 atm 
System Exp. Time 
(hrs) 
wt% 
Bi in 
Cu 
wt% 
Bi in 
slag 
LBis/m wt% 
Fe 
wt% 
SiO2 
Fe/SiO2 wt%
Cu 
wt%
CaO 
Bi-Cu/FCS FM8-1 8 0.21 3.09 0.069 28.65 28.48 1.01 7.63 5.33 
Cu/FCS-Bi2O3 FS8-2 8 0.10 1.60 0.062 31.07 28.57 1.09 8.53 5.51 
Bi-Cu/FCS FM8-2 8 0.17 2.79 0.061 31.89 30.53 1.04 8.46 5.86 
Cu/FCS-Bi2O3 F2S8-1 8 0.16 1.81 0.086 30.18 29.68 1.02 9.82 5.35 
Bi-Cu/FCS F2M8-1 8 0.23 2.91 0.078 29.95 29.11 1.03 9.54 5.28 
Cu/FCS-Bi2O3 FS16-1 16 0.08 1.14 0.067 30.27 28.94 1.05 7.21 5.66 
Bi-Cu/FCS FM16-1 16 0.16 2.70 0.058 29.91 28.79 1.04 6.65 5.46 
Cu/FCS-Bi2O3 FS16-2 16 0.09 1.17 0.078 31.11 28.25 1.10 9.89 5.44 
Bi-Cu/FCS FM16-2 16 0.19 2.91 0.066 31.62 29.27 1.08 9.67 5.47 
Cu/FCS-Bi2O3 F2S16-1 16 0.12 1.60 0.072 31.69 29.28 1.08 9.27 5.53 
Bi-Cu/FCS F2M16-1 16 0.17 2.92 0.057 31.18 28.56 1.09 8.24 5.42 
Cu/FCS-Bi2O3 F2S12-1 12 0.13 1.60 0.080 31.02 29.36 1.06 10.07 5.49 
Bi-Cu/FCS F2M12-1 12 0.21 2.98 0.072 30.06 29.03 1.04 9.38 5.33 
Cu/FCS-Bi2O3 F2S12-2 12 0.14 1.50 0.093 29.80 28.35 1.05 9.60 5.26 
Bi-Cu/FCS F2M12-2 12 0.21 2.98 0.071 30.05 29.76 1.01 9.28 5.40 
Cu/FCS-Bi2O3 F2S12-3 12 0.11 1.62 0.068 31.13 28.90 1.08 8.32 5.40 
Bi-Cu/FCS F2M12-3 12 0.24 3.04 0.078 30.56 29.66 1.03 9.04 5.43 
Cu/FCS-Bi2O3 BS4-1 4 0.05 0.6 0.083 18.3 29.4 0.62 4.67 30.5 
Bi-Cu/FCS BM4-1 4 0.06 2.08 0.029 16.91 27.52 0.61 3.54 27 
Cu/FCS-Bi2O3 BS6-1 6 0.03 0.62 0.048 18.5 30.1 0.62 3.90 31 
Bi-Cu/FCS BM6-1 6 0.06 2.13 0.028 17.06 27.67 0.62 3.56 27.77 
Cu/FCS-Bi2O3 BS8-1 8 0.04 1.31 0.031 17.16 26.72 0.64 3.67 27.53 
Bi-Cu/FCS BM8-1 8 0.03 0.8 0.038 18.6 29.7 0.63 3.43 30.7 
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The first set of equilibration time experiment utilised an FCS slag containing approximately 5 
wt% CaO and Fe/SiO2 of 1.  Bismuth was doped into either the slag or metal phase, as 
indicated in Table 5.2.1, and the contact time was 8, 12 and 16 hours.  The calculated bismuth 
distribution ratios, LBi
s/m
 , with error bars, are plotted against equilibration time in Figure 
5.2.1. 
 
Figure 5.2.1 Equilibration time for experiments conducted with slag containing 5 wt% CaO 
and Fe/SiO2=1 
 
Only two data points appear to be an outlier, and could be accounted for by the inclusion of a 
little entrained copper metal in the sample.  Since most bismuth reports to the copper, only a 
very small amount of copper in the slag sample will raise its bismuth content significantly and 
lead to a high value of the slag/metal distribution ratio. 
 
There is no significant difference, considering the expected error, between the bismuth 
distribution ratio, LBi
s/m
, values at any of the contact times.  This indicates that 8 hours contact 
time is adequate for equilibrium to be reached. 
 
Although bismuth distribution is the focus of this work, when the slag/metal system is in a 
state of equilibrium all other composition parameters will remain constant.  Examining some 
of these parameters can provide additional confirmation that 8 hours is sufficient time for 
equilibrium to be reached. 
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Figure 5.2.2 Fe/SiO2 as a function of equilibration time for experiments conducted with slag 
containing 5 wt% CaO and Fe/SiO2=1 
 
As can be observed in Figure 5.2.2, the initial master slag contained Fe/SiO2 of 1.1. However, 
as the contact time increases, the Fe/SiO2 dropped slightly. This phenomenon can be 
explained by the absorption of iron by magnesia crucible. Figure 5.2.3 shows that at 10
-6
 atm, 
MgO will absorb iron to form magnesiowustite, and then eventually magnesioferrite as well.  
It cannot be predicted where on this diagram equilibrium should be, because it is dependant 
on the iron content of the slag and the MgO mass of the crucible.  Nevertheless, the figure 
indicates that MgO is not stable and should absorb iron oxides from the slag.  In this sense, 
the experimental system can never be at true equilibrium. However, as this iron absorption 
reaction will be much slower than the other reactions, we do reach local equilibrium. 
 
Pre-saturation of crucibles with slag was considered as a way to minimize iron absorption, 
however these crucibles always cracked upon cooling and could not be reused. 
 
Another composition parameter analysed in the equilibration time equilibrium is the 
distribution ratio of copper between slag and metal, LCu
s/m
. It can be observed from Figure 
5.2.4 that the LCu
s/m
 values remained relatively constant (taking into account the errors 
involved in the calculation) with increasing contact time. As such, it can be concluded that 
equilibrium was reached. 
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Figure 5.2.3 MgO-FeO oxygen potential phase diagram (Jung et al., 2004) 
 
 
 
Figure 5.2.4 LCu
s/m
 as a function of equilibration time for experiments conducted with slag 
containing 5 wt% CaO and Fe/SiO2=1 
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The copper content of the slag is also compared to literature data to once again ensure that 
equilibrium has been reached. In the equilibration time experiments using FCS slag 
containing 5 wt% CaO and Fe/SiO2=1 (experiments FM8-1 through to F2M12-3 from Table 
5.2.1), the Q-ratio can be calculated as follow: 
 
 Q = wt% CaO / (wt% CaO + wt% SiO2)   Equation 5.2.1 
 
The average Q-ratio value for the first set of experiments is 0.16. Using this value, the 
expected copper content of the slag can be determined by using the copper solubility graph 
published by Takeda (1994), as set out in Figure 5.2.5 below. 
 
 
Figure 5.2.5 Copper solubility in FCS slag at 1300 ºC (Takeda, 1994) 
 
At the oxygen potential of the experiments, that is 10
-6
 atm, FCS slag with a Q-ratio of 0.16 is 
expected to contain 8 wt% of copper. As can be seen from Table 5.2.2, the copper content of 
the slags in the first set of equilibration time experiments are in good agreement with the 
literature data. The average copper content of the slags is 8.85 wt%. 
 
Figure 5.2.5 also indicates that FCS slag with a Q-ratio between 0.10 and 0.20 contains 1 to 7 
wt% MgO. As can be observed from Table 5.2.2, the slags used in the first set of equilibration 
time experiments contain an average of 7.40 wt% MgO.  
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Table 5.2.2 Q-ratio values for equilibrium time experiments with FCS slags at 1300 
o
C and 
pO2=10
-6
 atm 
 System Exp. 
Time 
(hrs) LBis/m 
wt% 
Fe  
wt% 
SiO2  Fe/SiO2 
wt% 
Cu  
wt% 
CaO  
wt% 
MgO  
Q-ratio 
Bi-Cu/FCS FM8-1 8 0.069 28.65 28.48 1.01 7.63 5.33 7.35 0.16 
Cu/FCS-Bi2O3 FS8-2 8 0.062 31.07 28.57 1.09 8.53 5.51 7.08 0.16 
Bi-Cu/FCS FM8-2 8 0.061 31.89 30.53 1.04 8.46 5.86 7.34 0.16 
Cu/FCS-Bi2O3 F2S8-1 8 0.086 30.18 29.68 1.02 9.82 5.35 7.43 0.16 
Bi-Cu/FCS F2M8-1 8 0.078 29.95 29.11 1.03 9.54 5.28 7.23 0.15 
Cu/FCS-Bi2O3 FS16-1 16 0.067 30.27 28.94 1.05 7.21 5.66 7.08 0.15 
Bi-Cu/FCS FM16-1 16 0.058 29.91 28.79 1.04 6.65 5.46 7.92 0.16 
Cu/FCS-Bi2O3 FS16-2 16 0.078 31.11 28.25 1.10 9.89 5.44 7.51 0.16 
Bi-Cu/FCS FM16-2 16 0.066 31.62 29.27 1.08 9.67 5.47 7.20 0.16 
Cu/FCS-Bi2O3 F2S16-1 16 0.072 31.69 29.28 1.08 9.27 5.53 7.33 0.16 
Bi-Cu/FCS F2M16-1 16 0.057 31.18 28.56 1.09 8.24 5.42 8.02 0.16 
Cu/FCS-Bi2O3 F2S12-1 12 0.080 31.02 29.36 1.06 10.07 5.49 7.80 0.16 
Bi-Cu/FCS F2M12-1 12 0.072 30.06 29.03 1.04 9.38 5.33 7.41 0.16 
Cu/FCS-Bi2O3 F2S12-2 12 0.093 29.80 28.35 1.05 9.60 5.26 7.12 0.16 
Bi-Cu/FCS F2M12-2 12 0.071 30.05 29.76 1.01 9.28 5.40 7.09 0.16 
Cu/FCS-Bi2O3 F2S12-3 12 0.068 31.13 28.90 1.08 8.32 5.40 7.29 0.15 
Bi-Cu/FCS F2M12-3 12 0.078 30.56 29.66 1.03 9.04 5.43 7.77 0.16 
Cu/FCS-Bi2O3 BS4-1 4 0.083 18.3 29.4 0.62 4.67 30.5 - 0.51 
Bi-Cu/FCS BM4-1 4 0.029 16.91 27.52 0.61 3.54 27 8.8 0.50 
Cu/FCS-Bi2O3 BS6-1 6 0.048 18.5 30.1 0.62 3.90 31 - 0.51 
Bi-Cu/FCS BM6-1 6 0.028 17.06 27.67 0.62 3.56 27.77 9.19 0.50 
Cu/FCS-Bi2O3 BS8-1 8 0.031 17.16 26.72 0.64 3.67 27.53 9.44 0.51 
Bi-Cu/FCS BM8-1 8 0.038 18.6 29.7 0.63 3.43 30.7 - 0.51 
 
 
A second set of experiments was conducted using FCS slag containing approximately 29 wt% 
CaO and an Fe/SiO2 (w/w) ratio of 0.6.  Bismuth was added to either the slag or metal phase 
and the contact time was 4, 6 or 8 hours.  The bismuth distribution ratio, LBi
s/m
, with error 
bars, is plotted against equilibration time on Figure 5.2.6. 
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Figure 5.2.6 Equilibration time for experiments conducted with slag containing 29 wt% CaO 
and Fe/SiO2 = 0.6 
 
It is apparent from Figure 5.2.6 that 6 hours is sufficient to reach equilibrium.  This further 
confirms that 8 hours of contact time, as found previously, would allow all slags in the 
copper-saturated FeOx-CaO-SiO2 system to reach equilibrium with the molten copper.   
 
Similarly, the relationship between Fe/SiO2 of the slag and LCu
s/m
 values are plotted against 
contact time on Figures 5.2.7 and 5.2.8 to prove that equilibrium has been reached.  
 
As expected, both Fe/SiO2 and LCu
s/m
 remained constant despite the length of contact time. 
Note, however, that in the case of lower Fe/SiO2, the Fe/SiO2 did not decrease with increasing 
contact time. This could be explained by lesser iron present in the system, which implies that 
there was less iron available to be absorbed by the magnesia crucible to form magnesiowustite 
and/or magnesioferrite. 
 
Similar to the first set of the equilibration time experiments, the copper content of the slags in 
the second set is also compared to literature data. The FCS slags used contain 29 wt% CaO 
and Fe/SiO2=0.6, and the average Q-ratio value is calculated to be 0.51. Referring to Figure 
5.2.5, at oxygen potential of 10
-6
 atm, FCS slag with a Q-ratio of 0.51 is expected to contain 3 
wt% of copper. As can be seen from Table 5.2.2, the copper content of the slags in the second 
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set of equilibration time experiments are in good agreement with the literature data. The 
average copper content of the slags is 3.8%. 
 
Figure 5.2.7 Fe/SiO2 as a function of equilibration time for experiments conducted with slag 
containing 29 wt% CaO and Fe/SiO2=0.6 
 
 
Figure 5.2.8 LCu
s/m
 as a function of equilibration time for experiments conducted with slag 
containing 29 wt% CaO and Fe/SiO2=0.6 
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Referring to Figure 5.2.5 again, FCS slag with Q-ratios between 0.50 and 0.55 contain 4 to 8 
wt% MgO. As can be observed from Table 5.2.2, the slags used in the second set of 
equilibration time experiments contain an average of 9.14 wt% MgO. 
 
Equilibration time experiments were conducted using two different sets of FCS slags with 
different CaO content and Fe/SiO2. It has been demonstrated that 8 hours of contact time is 
sufficient to reach equilibrium. Equilibrium has been proven by the constant LCu
s/m
 values 
from 8 hours onwards and that Fe/SiO2 also remained constant, except in the case of higher 
Fe/SiO2 (w/w) ratio, where iron content slowly decreases over time due to the reaction of 
magnesiowustite and/or magnesioferrite formation.  Equilibrium has also been proven by the 
comparison of MgO and Cu contents of the slags against literature data, with which they 
agree. 
 
5.3 Determination of LBi
s/m  
 
Following the satisfactory validation and equilibration time experiments, many series of 
experiments were conducted using slags of varying compositions within the copper-saturated 
FeOx-CaO-SiO2 system in which bismuth was added into either the slag or the copper metal. 
The analytical results and LBi
s/m
 values for each experiment are shown in Table 5.3.1. 
 
It was not possible to control the final slag composition to a particular CaO content and 
Fe/SiO2 (w/w) ratio, so the results were grouped into relatively narrow ranges of those two 
variables.  The LBi
s/m
, wt% Cu and Fe/SiO2 (w/w) ratio values for that slag composition range 
were then graphed as a function of contact time.  In any data set it is possible for there to be 
“outliers” due to uncontrolled sources of error and the three graphs allowed possible outliers 
to be identified.  In this work the most likely source of error was that of entrained copper in 
the slag sample.  Copper entrainment would increase the LBi
s/m
 value because copper has a 
high bismuth content compared to the slag.  It would also lead to a high wt% Cu in the slag.  
It would not have any effect on the Fe/SiO2 (w/w) ratio.  Any such data point was considered 
for exclusion from further analysis. 
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Table 5.3.1 Data from experiments with FCS slags with various compositions at 1300 
o
C and 
an oxygen partial pressure of 10
-6
 atm 
System Experiment 
Time 
(hrs) 
wt% 
CaO 
wt% Bi 
in Cu 
wt% Bi 
in slag 
LBis/m Fe/SiO2 
Cu/FCS-Bi2O3 AS4-1 4 0.51 0.12 1.72 0.07 1.38 
Bi-Cu/FCS AM4-3 4 0.24 0.15 1.72 0.09 1.39 
Cu/FCS-Bi2O3 AS6-2 6 0.24 0.14 1.71 0.08 1.41 
Bi-Cu/FCS AM6-3 6 0.19 0.15 2.23 0.07 1.45 
Cu/FCS-Bi2O3 AS8-1 8 0.35 0.10 1.81 0.06 1.38 
Bi-Cu/FCS AM8-1 8 0.30 0.09 1.81 0.05 1.40 
Cu/FCS-Bi2O3 BS4-1 4 30.50 0.05 0.60 0.08 0.62 
Bi-Cu/FCS BM4-1 4 27.00 0.06 2.08 0.03 0.61 
Cu/FCS-Bi2O3 BS6-1 6 31.00 0.03 0.62 0.05 0.61 
Bi-Cu/FCS BM6-1 6 27.77 0.06 2.13 0.03 0.62 
Cu/FCS-Bi2O3 BS8-1 8 27.53 0.04 1.31 0.03 0.64 
Bi-Cu/FCS BM8-1 8 30.70 0.03 0.80 0.04 0.63 
Cu/FCS-Bi2O3 CS4-1 4 9.23 0.10 1.31 0.08 0.64 
Bi-Cu/FCS CM4-1 4 9.52 0.11 3.44 0.03 0.66 
Cu/FCS-Bi2O3 CS6-1 6 9.12 0.10 1.73 0.06 0.66 
Bi-Cu/FCS CM6-1 6 9.71 0.11 3.51 0.03 0.64 
Cu/FCS-Bi2O3 CS8-1 8 9.10 0.09 1.54 0.06 0.64 
Bi-Cu/FCS CM8-1 8 9.65 0.12 3.39 0.04 0.64 
Cu/FCS-Bi2O3 CS8-2 8 8.73 0.20 1.33 0.15 0.67 
Cu/FCS-Bi2O3 DS4-1 4 9.97 0.35 2.12 0.17 1.67 
Bi-Cu/FCS DM4-1 4 9.59 0.13 3.81 0.03 1.64 
Cu/FCS-Bi2O3 DS6-1 6 10.05 0.29 1.33 0.22 1.71 
Bi-Cu/FCS DM6-1 6 10.15 0.13 3.15 0.04 1.65 
Cu/FCS-Bi2O3 DS8-1 8 10.03 0.26 1.31 0.20 1.63 
Bi-Cu/FCS DM8-1 8 10.27 0.09 3.15 0.03 1.58 
Cu/FCS-Bi2O3 ES8-1 8 9.64 0.12 1.37 0.09 0.91 
Bi-Cu/FCS EM8-1 8 9.73 0.16 3.12 0.05 0.97 
Cu/FCS-Bi2O3 FS8-1 8 5.42 0.17 1.29 0.13 1.03 
Bi-Cu/FCS FM8-1 8 5.33 0.21 3.09 0.07 1.01 
Cu/FCS-Bi2O3 FS8-2 8 5.51 0.10 1.60 0.06 1.09 
Bi-Cu/FCS FM8-2 8 5.86 0.17 2.79 0.06 1.04 
Cu/FCS-Bi2O3 F2S8-1 8 5.35 0.16 1.81 0.09 1.02 
Bi-Cu/FCS F2M8-1 8 5.28 0.23 2.91 0.08 1.03 
Cu/FCS-Bi2O3 FS16-1 16 5.66 0.08 1.14 0.07 1.05 
Bi-Cu/FCS FM16-1 16 5.46 0.16 2.70 0.06 1.04 
Cu/FCS-Bi2O3 FS16-2 16 5.44 0.09 1.17 0.08 1.10 
Bi-Cu/FCS FM16-2 16 5.47 0.19 2.91 0.07 1.08 
Cu/FCS-Bi2O3 F2S16-1 16 5.53 0.12 1.60 0.07 1.08 
Bi-Cu/FCS F2M16-1 16 5.42 0.17 2.92 0.06 1.09 
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System Experiment 
Time 
(hrs) 
wt% 
CaO 
wt% Bi 
in Cu 
wt% Bi 
in slag 
LBis/m Fe/SiO2 
Cu/FCS-Bi2O3 F2S12-1 12 5.49 0.13 1.60 0.08 1.06 
Bi-Cu/FCS F2M12-1 12 5.33 0.21 2.98 0.07 1.04 
Cu/FCS-Bi2O3 F2S12-2 12 5.26 0.14 1.50 0.09 1.05 
Bi-Cu/FCS F2M12-2 12 5.40 0.21 2.98 0.07 1.01 
Cu/FCS-Bi2O3 F2S12-3 12 5.40 0.11 1.62 0.07 1.08 
Bi-Cu/FCS F2M12-3 12 5.43 0.24 3.04 0.08 1.03 
Cu/FCS-Bi2O3 GS8-1 8 23.46 0.06 1.41 0.04 0.85 
Bi-Cu/FCS GM8-1 8 23.65 0.16 2.94 0.05 0.83 
Cu/FCS-Bi2O3 HS8-1 8 26.54 0.07 1.39 0.05 0.97 
Bi-Cu/FCS HM8-1 8 27.66 0.07 3.09 0.02 0.93 
Cu/FCS-Bi2O3 H2S8-1 8 28.03 0.04 1.98 0.02 0.99 
Bi-Cu/FCS H2M8-1 8 28.51 0.05 3.55 0.01 0.98 
Cu/FCS-Bi2O3 H2S8-2 8 28.03 0.04 1.58 0.03 0.97 
Bi-Cu/FCS H2M8-2 8 28.92 0.08 3.66 0.02 1.00 
Cu/FCS-Bi2O3 HS12-1 12 28.13 0.06 1.85 0.03 0.99 
Bi-Cu/FCS HM12-1 12 28.63 0.07 3.41 0.02 0.99 
Cu/FCS-Bi2O3 H2S12-1 12 28.27 0.04 1.85 0.02 0.93 
Bi-Cu/FCS H2M12-1 12 28.64 0.07 3.79 0.02 0.90 
Cu/FCS-Bi2O3 H2S12-2 12 27.82 0.05 1.62 0.03 0.98 
Bi-Cu/FCS H2M12-2 12 28.08 0.07 3.74 0.02 0.93 
Cu/FCS-Bi2O3 HS16-1 16 27.74 0.05 1.84 0.03 0.96 
Bi-Cu/FCS HM16-1 16 28.72 0.09 3.93 0.02 0.92 
Cu/FCS-Bi2O3 HS16-2 16 28.10 0.05 1.99 0.03 0.96 
Bi-Cu/FCS HM16-2 16 27.79 0.06 3.21 0.02 0.95 
Cu/FCS-Bi2O3 H2S16-1 16 26.46 0.05 1.93 0.03 0.95 
Bi-Cu/FCS H2M16-1 16 28.37 0.05 3.20 0.02 0.91 
Bi-Cu/FCS E1 4 24.40 0.05 2.36 0.02 1.21 
Bi-Cu/FCS E2 6 25.99 0.04 2.14 0.02 1.25 
Bi-Cu/FCS E3 8 24.75 0.08 2.67 0.03 1.25 
Bi-Cu/FCS E7 4 14.08 0.07 2.42 0.03 1.27 
Bi-Cu/FCS E8 6 14.46 0.07 2.41 0.03 1.20 
Bi-Cu/FCS E9 8 14.10 0.05 2.49 0.02 1.22 
Cu/FCS-Bi2O3 E10 4 13.82 0.05 1.58 0.03 1.20 
Cu/FCS-Bi2O3 E11 6 13.37 0.06 1.65 0.03 1.19 
Cu/FCS-Bi2O3 E12 8 13.59 0.05 1.66 0.03 1.27 
Cu/FCS-Bi2O3 E13 4 25.49 0.05 1.69 0.03 1.30 
Cu/FCS-Bi2O3 E14 6 26.08 0.04 1.71 0.02 1.29 
Cu/FCS-Bi2O3 E15 8 26.15 0.03 2.12 0.01 1.22 
Cu/FCS-Bi2O3 E28 8 16.83 0.35 1.68 0.21 1.40 
Bi-Cu/FCS E29 8 17.36 0.06 1.61 0.04 1.38 
Cu/FCS-Bi2O3 E30 6 17.23 0.38 1.48 0.26 1.42 
Bi-Cu/FCS E31 6 17.43 0.06 2.29 0.03 1.41 
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System Experiment 
Time 
(hrs) 
wt% 
CaO 
wt% Bi 
in Cu 
wt% Bi 
in slag 
LBis/m Fe/SiO2 
Cu/FCS-Bi2O3 E47 8 16.16 0.19 1.87 0.10 1.41 
Cu/FCS-Bi2O3 E48 6 15.57 0.25 1.78 0.14 1.40 
Cu/FCS-Bi2O3 E33 8 15.71 0.09 1.71 0.05 0.45 
Cu/FCS-Bi2O3 E34 8 15.60 0.11 1.68 0.07 0.45 
Bi-Cu/FCS E35 8 15.76 0.14 2.01 0.07 0.45 
Bi-Cu/FCS E36 8 15.99 0.09 1.99 0.05 0.46 
Bi-Cu/FCS E39 8 15.64 0.03 2.28 0.01 0.64 
Cu/FCS-Bi2O3 E40 8 14.93 0.05 1.82 0.03 0.65 
Bi-Cu/FCS E41 8 16.42 0.03 2.32 0.01 0.87 
Cu/FCS-Bi2O3 E42 8 17.33 0.03 1.34 0.02 0.85 
Bi-Cu/FCS E43 8 15.32 0.04 2.44 0.02 0.77 
Cu/FCS-Bi2O3 E44 8 17.03 0.03 1.49 0.02 0.77 
Bi-Cu/FCS E45 8 18.25 0.08 3.48 0.02 0.87 
Cu/FCS-Bi2O3 E46 8 16.49 0.02 1.57 0.01 1.05 
Bi-Cu/FCS E51 16 17.84 0.07 3.25 0.02 1.33 
Cu/FSC-Bi2O3 E52 16 15.92 0.12 1.86 0.06 1.63 
Cu/FCS-Bi2O3 E54 8 17.38 0.13 1.40 0.09 0.76 
Cu/FCS-Bi2O3 E55 8 17.07 0.15 1.42 0.11 0.80 
Bi-Cu/FCS E56 8 17.98 0.08 2.94 0.03 0.74 
Bi-Cu/FCS E57 8 17.51 0.12 3.00 0.04 0.77 
 
As an example, a data set where the Fe/SiO2 (w/w) ratio was 0.62  0.01 and the wt% CaO 
was 29  2 was selected and is shown in Table 5.3.2.  The three graphs are given as Figures 
5.3.1, 5.3.2 and 5.3.3. 
 
Table 5.3.2 Experiments with FCS slags containing Fe/SiO2 (w/w) ratio of 0.62 and 29 
wt% CaO at 1300 
o
C and pO2=10
-6
 atm 
System Exp. 
Time 
(hours) 
(wt% Bi) [wt% Bi] LBis/m Fe/SiO2 %Cu %CaO 
Cu/FCS-Bi2O3 BS4-1 4 0.05 0.6 0.083 0.622 4.67 30.5 
Bi-Cu/FCS BM4-1 4 0.06 2.08 0.029 0.614 3.54 27 
Cu/FCS-Bi2O3 BS6-1 6 0.03 0.62 0.048 0.615 3.9 31 
Bi-Cu/FCS BM6-1 6 0.06 2.13 0.028 0.617 3.56 27.77 
Cu/FCS-Bi2O3 BS8-1 8 0.04 1.31 0.031 0.642 3.67 27.53 
Bi-Cu/FCS BM8-1 8 0.03 0.8 0.038 0.626 3.43 30.7 
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Figure 5.3.1 Bismuth distribution between FCS slag and copper metal where the slag 
contains Fe/SiO2 (w/w) ratio of 0.62 and 29 wt% CaO 
 
Figure 5.3.2 Copper content of FCS slag after equilibration with copper metal and bismuth 
doped in either slag or metal phase, where the slag contains Fe/SiO2 (w/w) ratio of 0.62 and 
29 wt% CaO 
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Figure 5.3.3 Stability of Fe/SiO2 (w/w) ratio of FCS slag after equilibration with copper 
metal and bismuth doped in either slag or metal phase 
 
There is one data point for LBi
s/m
 at 4 hours equilibration time that appears to be an outlier, 
although it would fall within two standard deviations of the mean for this data set. It has both 
a higher LBi
s/m
 and wt% Cu than the other 5 data points. The Fe/SiO2 (w/w) ratio for this point 
is not unusual. The mean LBi
s/m
 for the whole data set is 0.042  0.021, but if the suspect 4 
hour data point is excluded it is 0.035  0.008. Given the expected error in LBi
s/m
, then these 
two mean values are not significantly different and so will not adversely affect the results. 
Nevertheless, the reduced standard deviation when the suspect point is excluded suggests that 
the true LBi
s/m
 value for this data set is more likely to be 0.035. 
 
The bismuth distribution data obtained in this work cannot be compared to literature data as 
none had been reported for FCS slag. However, comparing the data from experiments 
involving FCS slags with the lowest wt% CaO to literature data for iron silicate slag proves 
that the data obtained in this work are reasonable. Table 5.3.3 presents the LBi
s/m 
values for 
experiments containing Fe/SiO2 (w/w) ratio of 1.41 and 0.27 wt% CaO at 1300 
o
C and 
pO2=10
-6
 atm. 
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Table 5.3.3 Experiments with FCS slags containing Fe/SiO2 (w/w) ratio of 1.41 and 0.27 
wt% CaO at 1300 
o
C and pO2=10
-6
 atm 
System  Experiment 
Time 
(hrs) LBis/m Fe/SiO2 wt% CaO 
Bi-Cu/FCS AM6-3 6 0.07 1.45 0.19 
Cu/FCS-Bi2O3 AS6-2 6 0.08 1.41 0.24 
Bi-Cu/FCS AM8-1 8 0.05 1.40 0.3 
Cu/FCS-Bi2O3 AS8-1 8 0.06 1.38 0.35 
 
 
As presented in Chapter 2, there is only one publication that reports the LBi
s/m 
value for iron 
silicate slag at similar experimental conditions.  Nagamori et al. (1975) claimed that the LBi
s/m 
for silica-unsaturated iron silicate slag was independent of oxygen partial pressure over the 
range 10
-6
 to 10
-11
 atm at 1200 
o
C and 1300 
o
C, and had a value of 0.04.  The mean LBi
s/m 
obtained from this work for FCS slags containing Fe/SiO2 (w/w) ratio of 1.41 and 0.27 wt% 
CaO at 1300 
o
C and pO2=10
-6
 atm is 0.07, and the standard deviation is 0.01.  The published 
value of LBi
s/m
 and the measure in this work are very similar, considering experimental error 
and a small difference in slag composition. 
 
5.4 Bismuth distribution ratio as a function of wt% CaO 
 
The calculated bismuth distribution ratio (LBi
s/m) values at ‘constant’ Fe/SiO2 (w/w) ratio and 
varying wt% CaO are analysed in this section.  
 
It was not possible to control the final slag composition to a fixed Fe/SiO2 (w/w) ratio, so the 
results were grouped into relatively narrow ranges i.e. all results which had a Fe/SiO2 (w/w) 
ratio within 5% of the mean ratio for that group.  It was also decided that any group should 
contain 10 or more data points because the error in each data point was relatively large, as 
described earlier. 
 
The copper content of the slag was also examined.  The copper contents were much higher 
than the bismuth contents and, as such, the relative errors are much less.  Abnormally high or 
low copper contents would therefore act as an indicator that contamination of slag with 
copper or vice versa had occurred.  If the copper content of the slags vary with the CaO 
content in the same way as does the bismuth distribution ratio, then this will help predict the 
position of the iso-LBi
s/m
 lines on the Kongoli phase diagram.  It would also identify BiO1.5 as 
behaving as a neutral metal oxide because CuO0.5 is well-accepted to be a neutral metal oxide. 
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5.4.1 Fe/SiO2 = 0.64 
 
The LBi
s/m
 values for experiments with an Fe/SiO2 (w/w) ratio of 0.64 ± 5%, but variable wt% 
CaO, are shown in Table 5.4.1 and on Figure 5.4.1. 
 
Table 5.4.1 LBi
s/m
 values for experiments with variable wt% CaO at Fe/SiO2 (w/w) ratio of 
0.64 ± 5% 
System Experiment 
Time 
(hrs) 
LBis/m Fe/SiO2 wt% CaO wt% Cu 
Cu/FCS-Bi2O3 BS6-1 6 0.05 0.61 31.00 3.90 
Bi-Cu/FCS BM6-1 6 0.03 0.62 27.77 3.56 
Cu/FCS-Bi2O3 BS8-1 8 0.03 0.64 27.53 3.67 
Bi-Cu/FCS BM8-1 8 0.04 0.63 30.70 3.43 
Cu/FCS-Bi2O3 CS6-1 6 0.06 0.66 9.12 7.17 
Bi-Cu/FCS CM6-1 6 0.03 0.64 9.71 6.19 
Cu/FCS-Bi2O3 CS8-1 8 0.06 0.64 9.10 6.16 
Bi-Cu/FCS CM8-1 8 0.04 0.64 9.65 6.44 
Bi-Cu/FCS E39 8 0.01 0.64 15.64 4.29 
Cu/FCS-Bi2O3 E40 8 0.03 0.65 14.93 5.36 
 
 
Figure 5.4.1 Bismuth distribution ratio (LBi
s/m
) as a function of wt% CaO at Fe/SiO2 (w/w) 
ratio 0.64 
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Figure 5.4.2 Copper content as a function of wt% CaO at Fe/SiO2 (w/w) ratio of 0.64 
 
There is a considerable degree of scatter in the data on Figure 5.4.1, As such, the LBi
s/m 
values 
will not be used in the determination of iso-L values in the next section. The copper content of 
the slags in Figure 5.4.2 is, however, as expected, much less affected by scatter and shows a 
significant effect of CaO content on the copper content. 
 
5.4.2 Fe/SiO2 = 0.97 
 
The LBi
s/m
 values for experiments at a narrow range of Fe/SiO2 (w/w) ratio of 0.97 ± 5% and 
variable wt% CaO are shown in Table 5.4.2.  There is a much greater amount of data 
available for this Fe/SiO2 (w/w) ratio, in contrast to the previous lower ratio. 
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Table 5.4.2 LBi
s/m
 values for experiments with variable wt% CaO at Fe/SiO2 (w/w) ratio of 
0.97 ± 5% 
System Experiment 
Time 
(hrs) 
LBis/m Fe/SiO2 
wt% 
CaO 
wt% Cu 
Cu/FCS-Bi2O3 ES8-1 8 0.09 0.91 9.64 7.30 
Bi-Cu/FCS EM8-1 8 0.05 0.97 9.73 6.52 
Bi-Cu/FCS FM8-1 8 0.07 1.01 5.33 7.63 
Cu/FCS-Bi2O3 FS8-2 8 0.06 1.09 5.51 8.53 
Bi-Cu/FCS FM8-2 8 0.06 1.04 5.86 8.46 
Cu/FCS-Bi2O3 F2S8-1 8 0.09 1.02 5.35 9.82 
Bi-Cu/FCS F2M8-1 8 0.08 1.03 5.28 9.54 
Cu/FCS-Bi2O3 FS16-1 16 0.07 1.05 5.66 7.21 
Bi-Cu/FCS FM16-1 16 0.06 1.04 5.46 6.65 
Cu/FCS-Bi2O3 FS16-2 16 0.08 1.10 5.44 9.89 
Bi-Cu/FCS FM16-2 16 0.07 1.08 5.47 9.67 
Cu/FCS-Bi2O3 F2S16-1 16 0.07 1.08 5.53 9.27 
Bi-Cu/FCS F2M16-1 16 0.06 1.09 5.42 8.24 
Cu/FCS-Bi2O3 F2S12-1 12 0.08 1.06 5.49 10.07 
Bi-Cu/FCS F2M12-1 12 0.07 1.04 5.33 9.38 
Cu/FCS-Bi2O3 F2S12-2 12 0.09 1.05 5.26 9.60 
Bi-Cu/FCS F2M12-2 12 0.07 1.01 5.40 9.28 
Cu/FCS-Bi2O3 F2S12-3 12 0.07 1.08 5.40 8.32 
Bi-Cu/FCS F2M12-3 12 0.08 1.03 5.43 9.04 
Cu/FCS-Bi2O3 HS8-1 8 0.05 0.97 26.54 3.26 
Bi-Cu/FCS HM8-1 8 0.02 0.93 27.66 3.48 
Cu/FCS-Bi2O3 H2S8-1 8 0.02 0.99 28.03 3.51 
Bi-Cu/FCS H2M8-1 8 0.01 0.98 28.51 3.41 
Cu/FCS-Bi2O3 H2S8-2 8 0.03 0.97 28.03 3.43 
Bi-Cu/FCS H2M8-2 8 0.02 1.00 28.92 3.47 
Cu/FCS-Bi2O3 HS12-1 12 0.03 0.99 28.13 3.56 
Bi-Cu/FCS HM12-1 12 0.02 0.99 28.63 3.65 
Cu/FCS-Bi2O3 H2S12-1 12 0.02 0.93 28.27 3.70 
Bi-Cu/FCS H2M12-1 12 0.02 0.90 28.64 3.50 
Cu/FCS-Bi2O3 H2S12-2 12 0.03 0.98 27.82 3.42 
Bi-Cu/FCS H2M12-2 12 0.02 0.93 28.08 3.47 
Cu/FCS-Bi2O3 HS16-1 16 0.03 0.96 27.74 3.68 
Bi-Cu/FCS HM16-1 16 0.02 0.92 28.72 3.64 
Cu/FCS-Bi2O3 HS16-2 16 0.03 0.96 28.10 3.46 
Bi-Cu/FCS HM16-2 16 0.02 0.95 27.79 3.43 
Cu/FCS-Bi2O3 H2S16-1 16 0.03 0.95 26.46 3.33 
Bi-Cu/FCS H2M16-1 16 0.02 0.91 28.37 3.45 
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The effect of CaO content on the LBi
s/m
 values is shown in Figure 5.4.3 below. 
 
Figure 5.4.3 LBi
s/m
 as a function of wt% CaO at Fe/SiO2 (w/w) ratio of 0.97 
 
 
Figure 5.4.4 Copper content of slag as a function of wt% CaO at Fe/SiO2 (w/w) ratio of 0.97 
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Figure 5.4.5  Bismuth distribution ratio versus copper content of slag at Fe/SiO2 (w/w) ratio 
of 0.97 
 
The relationship of bismuth and copper content of the slag is shown in Figure 5.4.5 above. It 
is obvious that, as copper content increases, more bismuth reports to slag. 
 
5.4.3 Fe/SiO2 = 1.35  
 
Similar experiments were conducted at a higher Fe/SiO2 (w/w) ratio of 1.35 ± 5% and 
variable wt% CaO. The results of these experiments are shown in Table 5.4.3 and Figure 
5.4.6. 
 
 
y = 0.0088x - 0.0058 
0.00 
0.02 
0.04 
0.06 
0.08 
0.10 
0 2 4 6 8 10 12 
L B
is
/m
 
wt% Cu 
 - 127 - 
Table 5.4.3 LBi
s/m
 values for experiments with variable wt% CaO at Fe/SiO2 (w/w) ratio of 
1.35 ± 5% 
 
System Experiment Time (hrs) LBis/m Fe/SiO2 wt% CaO wt% Cu 
Cu/FCS-Bi2O3 AS6-2 6 0.08 1.41 0.24 10.33 
Bi-Cu/FCS AM6-3 6 0.07 1.45 0.19 10.32 
Cu/FCS-Bi2O3 AS8-1 8 0.06 1.38 0.35 10.70 
Bi-Cu/FCS AM8-1 8 0.05 1.40 0.30 10.20 
Bi-Cu/FCS E2 6 0.02 1.25 25.99 4.33 
Bi-Cu/FCS E3 8 0.03 1.25 24.75 4.98 
Bi-Cu/FCS E8 6 0.03 1.20 14.46 5.29 
Bi-Cu/FCS E9 8 0.02 1.22 14.10 4.97 
Cu/FCS-Bi2O3 E11 6 0.03 1.19 13.37 5.51 
Cu/FCS-Bi2O3 E12 8 0.03 1.27 13.59 5.84 
Cu/FCS-Bi2O3 E14 6 0.02 1.29 26.08 4.99 
Cu/FCS-Bi2O3 E15 8 0.01 1.22 26.15 4.50 
Bi-Cu/FCS E29 8 0.04 1.38 17.36 2.73 
Bi-Cu/FCS E31 6 0.03 1.41 17.43 2.94 
Bi-Cu/FCS E51 16 0.02 1.33 17.84 2.87 
 
Figure 5.4.6 LBi
s/m
 as a function of wt% CaO at Fe/SiO2 (w/w) ratio of 1.35 
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Figure 5.4.7 Copper content of slag as a function of wt% CaO at Fe/SiO2 (w/w) ratio of 1.35 
 
Figure 5.4.7 identifies three suspect points at approximately 17% CaO, yet the LBi
s/m
 values 
appear consistent. As such, these points are not eliminated.  Eliminating them would have 
very little affect on the result.   
 
The slope in Figure 5.4.7 is nearly the same as that in Figure 5.4.4. However, both are steeper 
than the slope in Figure 5.4.2. 
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Figure 5.4.8  Bismuth distribution ratio versus copper content of slag at Fe/SiO2 (w/w) ratio 
of 1.35 
 
Although somewhat more scattered, Figure 5.4.8 shows a similar relationship between  
bismuth distribution and copper content of the slag as in Figure 5.4.5. It is clear that more 
bismuth reports to the slag phase as the copper content of the slag increases. 
 
In both Figure 5.4.5 and 5.4.8, the slopes are very close to passing through the origin (0,0). 
Zero wt% Cu in slag means a very low oxygen partial pressure where the LBi
s/m
 will also be 
zero i.e. all Bi in the metal. This observation shows that the data are self-consistent. 
 
5.4.4 Fe/SiO2 = 1.64 
 
There were only four data points at an Fe/SiO2 (w/w) ratio of 1.64 and all contained 10.1 wt% 
CaO.  The bismuth distribution data was too scattered to provide any meaningful information.  
However, the copper content of the slag was much more consistent, and was 4.1  0.7 wt% 
Cu. 
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Table 5.4.4 LBi
s/m
 values for experiments with variable wt% CaO at Fe/SiO2 (w/w) ratio of 
1.64 ± 5% 
System Experiment 
Time  
(hrs) 
LBis/m Fe/SiO2 wt% CaO wt% Cu 
Cu/FCS-Bi2O3 DS6-1 6 0.22 1.71 10.05 4.43 
Bi-Cu/FCS DM6-1 6 0.041 1.65 10.15 4.32 
Cu/FCS-Bi2O3 DS8-1 8 0.20 1.63 10.03 4.55 
Bi-Cu/FCS DM8-1 8 0.03 1.58 10.27 4.20 
 
 
From these findings, the first research question given in Chapter 3 can be answered.  At 
constant Fe/SiO2 (w/w) ratio, the bismuth distribution ratio decreases as the wt% CaO 
increases.  
 
5.5 Bismuth and copper distribution ratios as a function of Fe/SiO2 
 
In the previous section, it was determined that the bismuth distribution ratio (LBi
s/m
) values 
appear to be little affected by the Fe/SiO2 (w/w) ratio of the FCS slag.  In this section, LBi
s/m
 is 
analysed at various constant CaO contents to further test this observation. 
 
In the same way that it was not possible to target specific Fe/SiO2 (w/w) ratios, it was also not 
possible to control the final slag composition to a fixed CaO content. Accordingly, the results 
were grouped into relatively narrow ranges i.e. all results which had a wt% CaO within 10% 
of the mean value for that group.   
 
Only groups which had at least 10 results were considered to be able to produce reliable 
results.  For this reason results could only be obtained for CaO contents of 5.5 wt% and 28.2 
wt%.  It is fortunate that these are near the extremes of the possible range of CaO contents. 
 
 
5.5.1 CaO = 5.5 wt% 
 
The LBi
s/m
 values for experiments at CaO = 5.5 wt% are shown in Table 5.5.1.  It can be seen 
that the Fe/SiO2 (w/w) ratio varies very little – the average being 1.05 and the standard 
deviation for the 17 points being only 0.03.  This set can therefore only provide a single data 
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point on the Kongoli phase diagram rather than a relationship between LBi
s/m
 and the Fe/SiO2 
(w/w) ratio. 
 
The mean LBi
s/m 
at 5.5 wt% CaO and Fe/SiO2 (w/w) ratio of 1.05 is 0.07 and the standard 
deviation is 0.01.  This represents a relative error of 13%, within the expected error limits for 
these determinations. 
 
The mean copper content of the slag is 9.0 wt% and the standard deviation is 1 wt%.   
 
Table 5.5.1 LBi
s/m
 values for experiments with variable Fe/SiO2 (w/w) ratio at 5.5% CaO 
 
System Experiment 
Time 
(hrs) 
LBis/m Fe/SiO2 wt% CaO wt% Cu 
Cu/FCS-Bi2O3 F2S12-2 12 0.09 1.05 5.26 9.60 
Bi-Cu/FCS F2M8-1 8 0.08 1.03 5.28 9.54 
Bi-Cu/FCS FM8-1 8 0.07 1.01 5.33 7.63 
Bi-Cu/FCS F2M12-1 12 0.07 1.04 5.33 9.38 
Cu/FCS-Bi2O3 F2S8-1 8 0.09 1.02 5.35 9.82 
Bi-Cu/FCS F2M12-2 12 0.07 1.01 5.40 9.28 
Cu/FCS-Bi2O3 F2S12-3 12 0.07 1.08 5.40 8.32 
Bi-Cu/FCS F2M16-1 16 0.06 1.09 5.42 8.24 
Bi-Cu/FCS F2M12-3 12 0.08 1.03 5.43 9.04 
Cu/FCS-Bi2O3 FS16-2 16 0.08 1.10 5.44 9.89 
Bi-Cu/FCS FM16-1 16 0.06 1.04 5.46 6.65 
Bi-Cu/FCS FM16-2 16 0.07 1.08 5.47 9.67 
Cu/FCS-Bi2O3 F2S12-1 12 0.08 1.06 5.49 10.07 
Cu/FCS-Bi2O3 FS8-2 8 0.06 1.09 5.51 8.53 
Cu/FCS-Bi2O3 F2S16-1 16 0.07 1.08 5.53 9.27 
Cu/FCS-Bi2O3 FS16-1 16 0.07 1.05 5.66 7.21 
Bi-Cu/FCS FM8-2 8 0.06 1.04 5.86 8.46 
 
 
5.5.2 CaO = 28.2 wt% 
 
The LBi
s/m
 values for experiments at a CaO content of 28.2 wt% and variable Fe/SiO2 (w/w) 
ratio are shown in Table 5.5.2 and in Figure 5.5.1. 
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At this CaO content there are more data points (25) and they are clustered into three groups.  
The scatter in the data seen in Figure 5.5.1 is not great, so it would therefore be expected that 
a reliable relationship could be obtained between LBi
s/m
 and the Fe/SiO2 (w/w) ratio. 
 
Table 5.5.2 LBi
s/m
 values for experiments with variable Fe/SiO2 (w/w) ratio at CaO = 28.2 
wt% 
System Experiment 
Time 
(hrs) 
LBis/m Fe/SiO2 wt% CaO wt% Cu 
Bi-Cu/FCS E2 6 0.02 1.26 25.99 4.33 
Cu/FCS-Bi2O3 E14 6 0.02 1.29 26.08 4.99 
Cu/FCS-Bi2O3 E15 8 0.02 1.22 26.15 4.50 
Cu/FCS-Bi2O3 H2S16-1 16 0.03 0.95 26.46 3.33 
Cu/FCS-Bi2O3 HS8-1 8 0.05 0.97 26.54 3.26 
Cu/FCS-Bi2O3 BS8-1 8 0.03 0.64 27.53 3.67 
Bi-Cu/FCS HM8-1 8 0.02 0.93 27.66 3.48 
Cu/FCS-Bi2O3 HS16-1 16 0.03 0.96 27.74 3.68 
Bi-Cu/FCS BM6-1 6 0.03 0.62 27.77 3.56 
Bi-Cu/FCS HM16-2 16 0.02 0.95 27.79 3.43 
Cu/FCS-Bi2O3 H2S12-2 12 0.03 0.98 27.82 3.42 
Cu/FCS-Bi2O3 H2S8-2 8 0.03 0.97 28.03 3.43 
Cu/FCS-Bi2O3 H2S8-1 8 0.02 0.99 28.03 3.51 
Bi-Cu/FCS H2M12-2 12 0.02 0.93 28.08 3.47 
Cu/FCS-Bi2O3 HS16-2 16 0.03 0.96 28.10 3.46 
Cu/FCS-Bi2O3 HS12-1 12 0.03 0.99 28.13 3.56 
Cu/FCS-Bi2O3 H2S12-1 12 0.02 0.93 28.27 3.70 
Bi-Cu/FCS H2M16-1 16 0.02 0.91 28.37 3.45 
Bi-Cu/FCS H2M8-1 8 0.01 0.98 28.51 3.41 
Bi-Cu/FCS HM12-1 12 0.02 0.99 28.63 3.65 
Bi-Cu/FCS H2M12-1 12 0.02 0.90 28.64 3.50 
Bi-Cu/FCS HM16-1 16 0.02 0.92 28.72 3.64 
Bi-Cu/FCS H2M8-2 8 0.02 1.00 28.92 3.47 
Bi-Cu/FCS BM8-1 8 0.04 0.63 30.70 3.43 
Cu/FCS-Bi2O3 BS6-1 6 0.05 0.62 31.00 3.90 
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Figure 5.5.1 LBi
s/m
 as a function of Fe/SiO2 (w/w) ratio at 28.2% CaO ± 10% 
 
 
Figure 5.5.2 Copper content as a function of Fe/SiO2 (w/w) ratio at 28.2% CaO ± 10% 
 
Figure 5.5.2 for the copper content of the slag as a function of Fe/SiO2 (w/w) ratio 
surprisingly shows a trend in reverse to that of the bismuth data.  This is very suspect because 
it is the reverse trend to that for bismuth, and all previous analysis shows that bismuth and 
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copper distributions behave similarly.  The results for copper content as a function of CaO 
(wt%) at constant Fe/SiO2 (w/w) ratios clearly showed that the copper content decreased with 
an increase in Fe/SiO2 (w/w) ratio.  The data at the highest Fe/SiO2 (w/w) ratio on 
Figure 5.5.2  shows the greatest extent of scatter and may be affected by copper entrainment.  
If this data is removed then the graph below results.  
 
Figure 5.5.3 Copper content of FCS slags at 28.2% CaO and Fe/SiO2 between 0.6 and 1 
 
The relationship is now as expected and all data points lie very close to the line of best fit.  
The LBi
s/m
 values for the three high Fe/SiO2 (w/w) ratio points on Figure 5.5.1 follow the 
expected trend, and even if they were removed the relationship would be little affceted. 
 
The relationship between copper content and LBi
s/m
 cannot be meaningfully analysed, as it 
was previously, because LBi
s/m
 is changing over only a very small range of copper contents in 
slag such that the data is not spread enough to show this relationship.   
 
From these findings, the second research question given in Chapter 3 can be answered.  At 
constant wt% CaO, the bismuth distribution ratio decreases as the Fe/SiO2 (w/w) ratio 
increases, although not strongly.   
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5.6 Distribution ratio lines on the FeOx-CaO-SiO2 Phase Diagram 
 
In the previous sections it has been determined that the slag/metal bismuth distribution ratio, 
LBi
s/m
, values are: 
 
 weakly dependent on the Fe/SiO2 (w/w) ratio of the FCS slag, decreasing as the 
Fe/SiO2 (w/w) ratio increases; and 
 much more strongly dependent on the CaO content of the slag, decreasing as the CaO 
content increases, and that the copper content of the slag depends in a very similar 
way on slag composition as the bismuth distribution ratio.   
 
The third research question in Chapter 3 will be answered by plotting convenient  LBi
s/m
 
values onto the Kongoli phase diagram for the copper-saturated FeOx-CaO-SiO2 system and 
then drawing lines of best fit through the data points of equal LBi
s/m
 values.  For each of the 
three different Fe/SiO2 (w/w) ratios analysed in Section 5.4, an equation for the line of best fit 
was determined, e.g. for Fe/SiO2 (w/w) = 1.35;  
 
LBi
s/m
 = -0.002(wt% CaO) + 0.064    Equation 5.6.1 
  
With this equation the CaO content of the slag at this Fe/SiO2 (w/w) ratio can be calculated 
for LBi
s/m
 values of 0.02, 0.03, 0.04, 0.05 and 0.06. 
 
Similarly, for an Fe/SiO2 (w/w) ratio of 0.97 it was found that: 
 
LBi
s/m
 = -0.002(wt%CaO) + 0.084    Equation 5.6.2 
 
Finally, for an Fe/SiO2 (w/w) ratio of 0.64 it was found that: 
 
LBi
s/m
 = -0.0006(wt% CaO) + 0.049    Equation 5.6.3 
 
With these equations the same LBi
s/m 
values can be plotted on the Kongoli diagram, as shown 
in Figure 5.6.1. 
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Figure 5.6.1 Bismuth distribution ratio values at Fe/SiO2 (w/w) of 0.64, 0.97 and 1.35 
 
At an Fe/SiO2 (w/w) ratio of 0.64 and 15 wt% CaO, the LBi
s/m
 value appears to be an outlier.  
As previously shown in Section 5.4, there was a considerable level of scatter in the data at this 
Fe/SiO2 (w/w) ratio so the LBi
s/m
 values at the two extremes of the best-fit-line, i.e. at low and 
high CaO contents, will have low reliability.  This LBi
s/m 
value at 15 wt% CaO will be 
disregarded. 
 
Lines (iso-L lines) can now be drawn through the equal LBi
s/m
 values, as shown in Figure 
5.6.2. 
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Figure 5.6.2 Iso-bismuth distribution ratio lines 
 
The relationships between the bismuth distribution ratio and the Fe/SiO2 (w/w) ratio at 
constant values of CaO content, determined in Section 5.5, provide further data which can be 
included on the Kongoli diagram. 
 
At 5.5 wt% CaO the calculated mean value of LBi
s/m 
was 0.07 at a mean Fe/SiO2 (w/w) ratio 
of 1.05. This value is plotted on Figure 5.6.3, where it can be observed that this value is in 
good agreement with the general trend shown by the derived iso-L lines.  
 
At 28.2% CaO the best-fit-line equation allows the calculation of the Fe/SiO2 (w/w) ratio for 
LBi
s/m 
values of 0.02 and 0.03.  These two data points are plotted on a Kongoli diagram shown 
in Figure 5.6.3. 
 
The Fe/SiO2 (w/w) ratio can also be calculated for an LBi
s/m
 value of 0.01 and this point is also 
plotted on Figure 5.6.3.  It is an extrapolation outside the range of the relationship derived in 
Section 5.5, but not so far as to make this data point very doubtful.  Extrapolation to even 
lower values of LBi
s/m
 would be too risky. 
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Figure 5.6.3 Iso-L lines derived from LBi
s/m
 at various wt% CaO and Fe/SiO2 
 
It can be seen that these points are in excellent agreement with the iso-L lines previously 
drawn. 
 
There is no reliable data to allow the form of the iso-L lines in the lower left side of the 
Kongoli diagram i.e. the region of low Fe/SiO2 (w/w) and low CaO contents.  However, there 
is reliable data for the copper content of those slags.  Plotting iso-wt% Cu lines on the 
Kongoli diagram will allow the position of the iso-LBi
s/m
 lines to be predicted. 
 
From the graphs presented in Section 5.4, the corresponding copper content of each slag 
composition can be determined from the best-fit-line equation of the relevant graph.  The 
copper content of slag is 100 times the copper distribution ratio because all slags are in 
equilibrium with almost pure copper.  As such, iso-wt% Cu lines are equivalent in position to 
iso-LCu
s/m
 lines. 
 
The relationships between the copper content of the slag and the CaO content at Fe/SiO2 
(w/w) ratios of 0.64, 0.97 and 1.35 given in Section 5.4 were used to plot iso-wt% Cu lines on 
the Kongoli phase diagram, as shown in Figure 5.6.4. 
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Figure 5.6.4 Copper content (in wt%) of FCS slags at various wt% CaO and Fe/SiO2 
 
Comparing Figure 5.6.3 and Figure 5.6.4, it can be observed that the shape of the iso-LBi
s/m
 
lines across the liquid field of the Kongoli diagram is very similar to the shape of the iso-wt% 
Cu lines. 
 
Figure 5.6.5 can now be presented, which includes the experimentally determined and the 
predicted positions of the iso-LBi
s/m
 lines. 
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Figure 5.6.5 Iso-L lines at various wt% CaO and Fe/SiO2 
 
The third research question has now been answered in Figures 5.6.4 and 5.6.5.  Bismuth and 
copper distribute very similarly between FCS slags and molten copper.   
 
5.7 Activity Coefficient of BiO1.5 in Slags 
 
It was shown in Section 2.5.3 that the distribution ratio of bismuth between slag and copper is 
given by the expression: 
  
  
5.1
2
75.0
/
BiOT
OBiTms
Bi
n
pnK
L


      Equation 5.7.1 
 
where: K  = the equilibrium constant for the oxidation reaction, 
 (nT) = total moles of species per 100g of slag, 
[nT] = total moles of species per 100g of copper, 
(γBiO1.5) = activity coefficient of BiO1.5 in slag, 
[γBi] = activity coefficient of Bi in copper, and 
pO2 = oxygen partial pressure. 
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Once the distribution ratio of bismuth between slag and copper has been obtained by 
experiment under known conditions of temperature and oxygen partial pressure, then the 
activity coefficient of BiO1.5 in slag (γBiO1.5) can be calculated, provided the activity 
coefficient of bismuth in copper is known.  
 
 
  
  msBiT
OBiT
BiO
Ln
pnK
/
75.0
2
5.1

       Equation 5.7.2 
 
In Section 2.5.3, literature on the activity coefficient of bismuth in copper was critically 
evaluated and the best value at 1300 
o
C was determined to be 2.26. 
 
Yazawa et al. (1983) showed that when species are expressed in monocation format, the total 
number of moles of species in 100g (nT) of typical non-ferrous smelting slags is 1.48.  The 
analysis data from the experiments in this work showed that (nT) for all FCS slags used in this 
work is 1.40  0.04, which represents a relative error of only 3%. 
 
The moles of species is 100g of copper [nT] is 100/63.54 i.e. 1.54. 
 
The data of Takeda et al. (1983) is accepted for the standard Gibbs free energy change of the 
oxidation reaction: 
 
)()(
4
3
)( 5.12 lBiOgOlBi   TG 05.133284300
0   Equation 5.7.3 
 
At the experimental temperature of 1300 °C the value of K, calculated from the value of Go, 
is 309.76. 
 
Substituting the values for each of the terms in Equation 5.7.2: 
 
ms
Bi
BiO
L /
5.1
02.0
        Equation 5.7.4 
 
In Chapter 5.4, three equations relating LBi to wt% CaO at three Fe/SiO2 (w/w) ratios were 
presented.  Substituting these equations into Equation 5.7.4 above yields relationships 
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between BiO1.5 and wt% CaO.  With these, sensible intervals of BiO1.5 can be plotted on the 
Kongoli diagram as shown Figure 5.7.1 below. 
 
 
Figure 5.7.1 Iso-γBiO1.5 lines at various wt% CaO and Fe/SiO2 (w/w) ratios 
 
As discussed in the literature review section, Takeda et al. (1983) reported a γBiO1.5 value of 
0.6 for iron silicate slag at 1250 ºC under oxygen partial pressures from 10
-9
 to 10
-6
 atm, 
although his data exhibited considerable scatter.  However, the data obtained in this work for 
CaO-free slags suggests a value for BiO1.5 closer to 0.3 at 1300 oC.  
 
Takeda et al. (1983) conducted their work at 1250 
o
C whereas this work was at 1300 
o
C and is 
expected that the activity coefficient would decrease as temperature increases.  Assuming that 
the slag is a regular solution: 
 
 (lnBiO1.5)T1/T1 = (lnBiO1.5)T2/T2    Equation 5.7.5 
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The BiO1.5 value only drops from 0.6 at 1250 oC to 0.59 at 1300 oC.  The apparent discrepancy 
between this work and literature data cannot be explained by the temperature difference. 
 
If it is true that BiO1.5 is 0.6 for CaO-free slag, then the corresponding value of LBis/m is 0.03. 
The mean LBi
s/m 
from this work for slag with an Fe/SiO2 (w/w) ratio of 1.41 and only 0.27 
wt% CaO is 0.07, with a standard deviation of 0.01.  Errors in measuring the distribution ratio 
also cannot explain the discrepancy, although the comparison does show that small 
differences in distribution ratio have a significant effect on the value of the activity coefficient 
for BiO1.5. 
 
The expected error in the activity coefficient for BiO1.5 can be estimated using the expression 
for the equilibrium constant expression for bismuth formation: 
 
  
   75.0
5.1
2
%
%
OTBi
TBiO
pnBiwt
nBiwt
K


      Equation 5.7.6 
 
The relative error is the sum of the relative errors of all variables. The relative errors in K, 
[wt% Bi], (wt% Bi) and pO2 were given and justified in Chapter 4.   In Section 5.7, it was 
reported that the relative error for (nT) is 3%, and because [nT] relates to almost pure copper, 
it’s error is insignificant. The relative error in Bi from the best fit line from literature data, as 
presented in Section 2.5, is 8.5%.  Thus the relative error in the calculation of BiO1.5 is ± 36%.  
The value of γBiO1.5 for CaO-free slag from this work is therefore approximately 0.3  0.1.  If 
the error in the work of Takeda is similar in magnitude, then it is 0.6  0.2.  The two activity 
coefficient values do just lie within the error bands of each other.  It is concluded that the 
difference in the two values could be attributed to random errors. 
 
5.8 Activity Coefficient of CuO0.5 in Slags 
 
From the experimental results, the copper content of the slag was determined and iso-wt% Cu 
lines have been presented in the earlier section. Using this data, LCu
s/m
 can be derived by 
dividing the wt% Cu with 100 as the amount of copper in the metal phase is very close to 
100% given that the amount of bismuth is very small.  
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As with the case with bismuth oxide, the activity coefficient of copper oxide can be 
determined as follow: 
 
  
  msCuT
x
OCuT
CuO
Ln
pnK
/
2/
2
5.0

       Equation 5.8.1 
 
The activity coefficient of copper in the metal phase is unity.  The term (nT) is again 1.48, 
while [nT] is again 1.54. 
 
The data of Takeda et al. (1983) is accepted for the standard Gibbs free energy change of the 
oxidation reaction: 
)()(
4
1
)( 5.02 lCuOgOlCu   TG 55.1958800
0   Equation 5.8.2 
 
At the experiment temperature of 1300 °C the value of K, calculated from the value of Go, is 
8.54. 
 
Substituting the values for each of the terms in Equation 5.8.1: 
 
 slag
CuO
Cuwt%
26
5.0        Equation 5.8.3 
 
The values of CuO0.5 can be plotted on the Kongoli diagram by substituting the three 
equations relating wt% Cu to wt% CaO at three Fe/SiO2 (w/w) ratios as presented in 
Chapter 5.4 into Equation 5.8.3 above. Figure 5.7.2 shows the calculated iso-CuO0.5 lines at 
various FCS slag compositions. 
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Figure 5.8.1 Iso-γCuO0.5 lines at various wt% CaO and Fe/SiO2 (w/w) ratios 
 
The iso-CuO0.5 lines from the results of this work can be validated by comparing them with 
literature data.   As previously reported in the literature review section of this work, Takeda 
(1994) presented iso-CuO0.5 lines in a ternary phase diagram for FeOn-CaO-SiO2 system, 
given as Figure 5.8.2.  These lines were transposed onto the Kongoli diagram and the result is 
shown in Figure 5.8.3.  
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Figure 5.8.2 Activity coefficients of CuO0.5 in FeOn-CaO-SiO2 slag at 1300 ºC and oxygen 
potential 10
-8
-10
-6
 atm, where Q = wt% CaO/(wt%CaO + wt%SiO2) (Takeda, 1994) 
 
 
Figure 5.8.3 Iso-γCuO0.5 lines at various wt% CaO and Fe/SiO2 
 
The iso-γCuO0.5 lines in Figures 5.8.1 and Figure 5.8.3 are in reasonable agreement, although 
equivalent iso-γCuO0.5 lines from this work are at higher CaO contents.  As an example, the 
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iso-γCuO0.5 line for a value of 6 lies between 20 and 25 wt% CaO from this work, but at 20 
wt% CaO from the literature.  There is also a difference in the shape of the iso- γCuO0.5 lines at  
low Fe/SiO2 (w/w) ratios.  This casts doubt on the data in this work which has resulted in the 
iso-γCuO0.5 and iso-γBiO1.5 dipping downwards to lower CaO contents in the bottom-left corner 
of the Kongoli diagrams. 
 
5.9 Acid/Base Nature of BiO1.5 in Slags 
 
The way in which the activity coefficient of a metal oxide varies with Fe/SiO2 (w/w) ratio and 
wt% CaO in an FCS slag depends on the nature of the interactions between that oxide and the 
other oxides in the slag.  This is commonly expressed in terms of acid/base behaviour, as was 
discussed in the Literature Review.  The acid/base nature of BiO1.5 can therefore be inferred 
by comparing Figure 5.8.1 which shows the iso-γBiO1.5 lines with similar figures for other 
metal oxides whose acid/base nature is well established. 
 
Takeda (1998) published the activity coefficient data for a well known acidic oxide, AsO1.5. 
Figure 5.9.1 presents his data in the form of iso-γAsO1.5 lines on a Kongoli diagram.  The iso-
γAsO1.5 lines are almost linear with a negative slope, which increases in slope at lower Fe/SiO2 
(w/w) ratio. The activity coefficient of AsO1.5 decreases with increasing CaO content.  This is 
expected because CaO is a strongly basic oxide and the greater the CaO content of the slag the 
stronger the attraction between it and AsO1.5 i.e. the smaller the activity coefficient of AsO1.5. 
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Figure 5.9.1 Activity coefficient of AsO1.5 in FCS slag (Takeda, 1998) 
 
Takeda and Yazawa (1989) published activity coefficient data for a well known basic oxide, 
PbO.  Figure 5.9.2 presents iso-γPbO lines on a Kongoli diagram.  It can be observed that the 
iso-γ lines slope downwards as the Fe/SiO2 (w/w) increases, although the effect is not 
pronounced.  The iso-γPbO values increase with increasing CaO content, increasing by an order 
of magnitude across the CaO range shown.  This again is expected because the repulsion 
between basic PbO and basic CaO will increase as the CaO content increases i.e. the activity 
coefficient will increase. 
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Figure 5.9.2 Activity coefficient of PbO in FCS slag (Takeda and Yazawa, 1989) 
 
Takeda and Yazawa (1989) also published activity coefficient data for a neutral metal oxide, 
SnO.  This data is again presented on a Kongoli diagram on Figure 5.9.2.  This time the iso-
γSnO lines are horizontal i.e. independent of Fe/SiO2 content, although there is a slight 
dependence at high CaO content and high Fe/SiO2 (w/w) ratio.  The activity coefficient value 
increases with increasing CaO content although the effect is much less than for the basic 
oxide PbO.  It increases by a factor of 4 across the CaO range shown. 
 
The activity coefficient data for another neutral oxide, CuO0.5, was given previously in Figure 
5.8.3.  The iso-γ lines curve up like a wide but shallow “u-shape” across a wide range of 
Fe/SiO2 (w/w) ratios.  The value of γCuO0.5 increases as the CaO content increases, but only by 
a factor of 2 to 3 over the range of CaO contents shown.  
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Figure 5.9.3 Activity coefficient of SnO in FCS slag (Takeda and Yazawa, 1989) 
 
The iso-γBiO1.5 graph derived from the experimental results of this work was presented as 
Figure 5.7.1. The activity coefficient value increases with increasing CaO content and so is 
not consistent with the expected behavior of an acidic oxide.  Despite the unexpected behavior 
in the low Fe/SiO2 (w/w) ratio and low CaO content region, generally the iso-γBiO1.5 lines 
slope downwards as the Fe/SiO2 (w/w) ratio increases.  This is suggestive of basic behavior 
for BiO1.5, although does not rule out the possibility of neutral behavior.  The range of γBiO1.5. 
values is much less than the range of γPbO values and much more like the range of γSnO and 
γCuO0.5 values.  For this reason, it is apparent that BiO1.5 is most likely exhibiting neutral 
behavior, although somewhat more basic than SnO and CuO0.5.  The acid/base nature of metal 
oxides involves a gradation in behavior along a scale from very acidic to very basic, rather 
than discrete sets of behavior. 
 
It is unfortunate that experiments at high Fe/SiO2 (w/w) ratios could not be conducted due to 
the crumbling of the slag and crucible.  Data at the high Fe/SiO2 (w/w) and high wt% CaO 
corner of the Kongoli diagram would have been very helpful in clarifying the way in which 
the iso-γBiO1.5 lines trend and therefore the acid/base nature of BiO1.5. 
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Nothing has been said in the literature regarding the acid-base behaviour of BiO1.5. The close 
similarity of the data from Takeda et al. (1983) for iron silicate slag and calcium ferrite slag 
implies “neutral” behaviour – in that the distribution behaviour of BiO1.5 in an acidic and a 
basic slag is the same.  This supports the conclusion above that BiO1.5 is most likely 
exhibiting neutral behaviour. 
 
Another argument that supports the conclusion that BiO1.5 behaves as a neutral oxide comes 
from the calculation of the nature of the bonding between the bismuth cation and the oxide 
anion.  Gilchrist (1989) explained that the relative strength of the ionic bond is proportional to 
the electrostatic force between the two ions i.e. the ratio z/a
2
 where “z” is the charge on the 
ion and “a” is the sum of the ionic radii of both ions.  A large ratio implies a strong force 
holding the ions together and a corresponding tendency for the cation to associate with the 
oxide ion i.e. to behave as an acid.  A small ratio is associated with a weak bond i.e. an ease 
of losing the oxide ion and so behaving as a basic oxide.  Gilchrist (1989) regards oxides 
whose z/a
2
 ratio is less than 0.35 to be basic, those with a ratio above 1.0 to be acidic and 
those with a ratio between 0.35 and 1.0 to be neutral metal oxides. 
 
The z/a
2
 ratio for BiO1.5 was calculated using the data for ionic radii from Aylward and 
Findlay (1971), i.e. 140 and 102 picometres respectively for oxygen and bismuth. The charge 
on the bismuth ion is 3+ so the value of “z” is 3. The ratio z/a2 is therefore calculated to be 
0.51.  This further supports the contention that BiO1.5 behaves as a neutral oxide. 
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CHAPTER 6 
 
COMPUTATIONAL MODELLING OF FLASH CONVERTING USING 
FCS SLAGS 
 
Activity coefficient data for metal oxides in slags is very valuable information because it can 
be used in modelling to predict the performance of a process.  The HSC Chemistry for 
Windows software package
 
can be conveniently used for computational thermodynamic 
modelling for predicting how process variables affect the amounts and compositions of 
molten phases as a function of temperature, pressure, or the amounts of one or more of the 
inputs in multicomponent multiphase systems.  The development of a model does require 
a reliable set of operating data for the process in question so that the model can be validated.   
 
Swinbourne and Kho (2011, in press) have recently developed a model for the Kennecott 
Outotec Flash Converting Furnace which was validated against published data and found to 
predict the performance of the flash converter very well.  It was especially successful at 
predicting the distribution behaviour of several minor elements, including bismuth, in the 
process.  Their model will be used in this work to predict the effect of using FCS slag in the 
flash converter on the behaviour of bismuth in FCS slag. 
 
HSC software does not provide values for the activity coefficients of all species in all phases, 
so these must be sourced from the literature.  The model developed by Swinbourne and Kho 
was based on the calcium ferrite slag system and the activity coefficient values for all species 
in slag and copper used by them can be used in this work, with the exception of CuO0.5 and 
BiO1.5 in slag.  The activity coefficient data for both of these oxides will be taken from this 
work for two FCS slag compositions.  The two compositions are: 
 
 Fe/SiO2 (w/w) = 1.5 and CaO = 15 wt% (Case 1) 
 
 Fe/SiO2 (w/w) = 0.75 and CaO = 30 wt% (Case 2) 
 
The second slag is of interest in that it is in the composition region where the activity 
coefficients of CuO0.5 and BiO1.5 are a maximum. 
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The amount of fluxes (CaO and SiO2) required to produce the desired slags must be calculated 
and used as inputs into the HSC model, and the activity coefficients are taken from the 
Kongoli diagrams presented in this work i.e. Figure 5.7.1 for BiO1.5 and Figure 5.8.1 for 
CuO0.5. 
 
One example of fluxing calculations is presented here.  The ground matte feed to the flash 
furnace contains 122 kg of FeS, so the amount of iron entering the furnace is: 
 
Iron = 122*(56/88) kg Fe = 77.6 kg.   
 
All iron reports to the slag, so for an Fe/SiO2 (w/w) ratio of 1.5: 
 
SiO2 mass = 77.6 kg / 1.5 = 51.7kg. 
 
Iron will be in slag mostly as FeO1.33 so the mass of FeO1.33 can be calculated: 
 
Fe3O4 = 77.6 kg * (77.3/56) = 107 kg 
 
The mass of CuO0.5 in the slag is not yet known, but can be estimated at 20 kg.  Variations in 
this mass will not have much effect on the calculations.  The amount of CaO required for 15 
wt% CaO in the final converter slag can now be calculated: 
 
wt% CaO = 15 = 100 * mass CaO / Σ (mass CaO, SiO2,FeO1.33, CuO0.5) 
 
The mass of CaO is the only unknown, so: 
 
CaO = 31.5 kg 
 
The species defined in the model, their input masses and their assigned activity coefficients 
are given in Table 6.1.  The masses of CaO and SiO2 are entered into the HSC model, together 
with the activity coefficients of CuO0.5 and BiO1.5. The model is then run and the masses of all 
species in slag and blister copper saved to an Excel file for processing. 
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Kennecott Copper Utah Smelter operate the flash furnace to achieve a target 0.2 wt% S in 
blister copper so output data is determined at the oxygen addition required to give this 
composition. 
 
Table 6.1 Species, the masses and activity coefficients (in brackets) used in the HSC model 
gas matte slag copper 
    
    
O2(g) CuS0.5  855 kg CaO  (1)  (varied) Cu  (1) 
N2(g) FeS  122 kg SiO2 (1)  (varied) CuS0.5  (26) 
S2(g) PbS  14 kg FeO1.33  (1.3) CuO0.5  (20) 
SO2(g) AsS1.5  6 kg FeO  (35) Fe  (10) 
SO3(g) BiS1.5  2 kg CuO0.5 (varied) Pb  (5) 
Pb(g) CdS  1 kg PbO  (3) As  (0.005) 
PbO(g)  AsO1.5  (0.1) Bi  (2.4) 
PbS(g)  BiO1.5 (varied) Cd  (100) 
AsO(g)  CdO  (2)  
Bi(g)    
Cd(g)    
    
 
Important output data for the flash converter using calcium ferrite slag (the base case) and 
both FCS slags are given in Table 6.2.  Compared to the base case it can be seen that: 
 
 the oxygen requirement for converting, in kg/tonne of matte, is almost invariant: 
 
 the mass of blister copper produced is higher for the FCS slags, but not significantly.  
This is also reflected in a small increase in the percentage copper recovery to the 
blister copper; 
 
 the bismuth content of the blister copper decreases a little with the FCS slags; 
 
 the slag mass greatly increases for the two FCS slags due to the large masses of fluxes 
added; 
 
 the copper concentration in the FCS slags is very much less than for CF slag; and 
 
 the proportion of bismuth reporting to the blister copper decreases for the FCS slags, 
and is accompanied by a large increase in bismuth reporting to the slag. 
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Table 6.2 Important output data for flash converting using calcium ferrite (CF) slag and the 
two FCS slags 
 CF slag FCS slag – case 1 FCS slag – case 2 
    
CuO0.5 3.0 4.5 8 
BiO1.5 0.8 0.55 0.7 
Fe/SiO2 (w/w) - 1.5 0.75 
CaO (wt%) - 15 30 
    
Oxygen requirement (kg) 258 256 257 
    
Blister copper mass (kg) 660 666 665 
Bismuth in blister (wt%) 0.16 0.15 0.13 
Cu recovery to blister (%) 94.8 96.0 96.0 
    
Slag mass (kg) 178 227 363 
Copper in slag (wt%) 19.7 12.1 7.4 
    
Bismuth distribution    
Blister copper (%) 66 63 53 
Slag (%) 27 30 42 
Gas (%) 7 7 5 
 
 
FCS slags have a larger value for the activity coefficient of CuO0.5 and this is observed as a 
decrease in the copper concentration in those slags.  However, the slag mass is much greater 
for the FCS slags and this results in only a very small increase in copper recovery to the 
blister copper. 
 
The activity coefficient of BiO1.5 in slag is not affected much by the choice of slag but the 
proportion of bismuth reporting to the slag increases significantly again due to the increasing 
slag mass.  This results in copper anodes with a lower bismuth content proceeding to the 
electrorefinery, and this is very favourable for refinery operations. 
The way in which the bismuth distribution varies with the amount of oxygen used for 
converting is shown in Figure 6.1. 
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Figure 6.1 Bismuth distribution for FCS slag with Fe/SiO2=0.75 and 30 wt% CaO as a 
function of the amount of oxygen added per tonne of matte feed 
 
Overall, the analysis reveals that using FCS slag in the flash converter rather than calcium 
ferrite slag results in a very large increase in the mass of slag being recycled to the flash 
smelter.  This will replace new concentrate feed in the flash smelter and so reduce the overall 
capacity of the plant.  There is an advantage in that the bismuth content of the blister copper is 
reduced, but this advantage is more than offset by the increase in slag mass. 
 
The great value in measuring the activity coefficients of oxide species in slags is also 
demonstrated by the above analysis.  It allows different slag options to be tested without any 
need for very expensive and disruptive plant trials.   
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CHAPTER 7 
 
CONCLUSIONS 
 
Ferrous calcium silicate (FCS) slags have been proposed as an alternative to calcium ferrite 
slag for continuous copper converting.  Before FCS slags can be implemented by industry, 
their properties need to be well understood.  One property is the way in which minor elements 
distribute between molten copper and  FCS slag. However, the behaviour of many important 
minor elements has yet to be studied.  One such minor element is bismuth.   Bismuth in anode 
copper causes process problems in the electrorefinery, while bismuth in finished copper 
products adversely affects their mechanical properties.   
 
The slag/metal bismuth distribution ratio, the activity coefficient of BiO1.5 in slag and the 
acid/base nature of BiO1.5 were studied in this work.  The effect of using FCS slags on 
converter performance was also determined using a computational thermodynamics model of 
flash converting. 
 
It was found that there is no agreement in the literature regarding the form in which bismuth 
dissolves into slag.  After considering all of the available evidence it was concluded that 
bismuth is present as Bi
3+
 i.e. BiO1.5 in FCS slags under copper converting conditions.  
Similarly, the reported activity coefficient of bismuth in copper, γoBi, at 1300 ºC varied over a 
wide range, but it was concluded that a value of 2.26 was most likely to be correct. 
 
The classical three-phase equilibration method, in which equilibrium was approached from 
“both sides”, was used to determine the distribution of bismuth between FCS slags and 
copper.  Typical copper converting conditions (i.e. 1300 ºC and an oxygen potential of 10
-6
 
atm) were used.  The concentration of bismuth in both slag and copper was kept very small.  
The range of slag compositions able to be studied was limited by the interaction of the slag 
with the magnesia crucibles used at high Fe/SiO2 (w/w) ratios and by the formation of 
disintegrating slags at very high CaO contents.  Copper entrainment in slag affected the 
measurements of the bismuth distribution ratio and caused difficulties during data analysis.  
 
It was found that the slag/metal bismuth distribution ratio, LBi
s/m
, decreases as the Fe/SiO2 
(w/w) ratio of the FCS slag increases and also decreases as the CaO content increases. The 
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calculated distribution ratios were plotted in the form of iso-LBi
s/m
 lines on the copper-
saturated FeOx-CaO-SiO2 phase diagram presented in the form introduced by Kongoli et al.  
 
The activity coefficient of BiO1.5 was then calculated and also presented as iso-γBiO1.5 lines on 
the Kongoli form of the copper-saturated FeOx-CaO-SiO2 phase diagram.  The trend of the 
iso-BiO1.5 lines with composition were compared to the behaviour of known acidic, basic and 
neutral oxides, and it was concluded that BiO1.5 is a neutral metal oxide, although with more 
basic character than either SnO or CuO0.5.   
 
The calculated activity coefficients of BiO1.5 were finally used in a computational 
thermodynamics model of the Kennecott flash converting furnace to predict the distribution of 
bismuth between copper, slag and gas for two FCS slag compositions.  The predicted bismuth 
distributions were compared to that found when calcium ferrite slag is used.  It was found that 
using FCS slags had minimal impact on the recovery of copper to the blister copper and also 
on the bismuth content of the blister copper.  However, both FCS slags modelled caused large 
increases in the mass of slag formed and this would have a very significant deleterious impact 
on the throughput of the smelter.  It was concluded that changing from calcium ferrite slag to 
FCS slag for continuous copper converting was very unlikely to be commercially attractive. 
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APPENDIX 
Results of experiments: 
  Exp. 
Time 
(hrs) 
(wt% 
Bi) 
[wt% 
Bi] LBis/m Fe/SiO2 
wt% 
Fe 
wt% 
Cu 
wt% 
SiO2 
wt% 
CaO 
wt% 
MgO 
Cu/FCS-Bi2O3 AS4-1 4 0.12 1.72 0.070 1.38 35.70 12.10 25.90 0.51 - 
Bi-Cu/FCS AM4-3 4 0.15 1.72 0.087 1.39 35.42 11.11 25.51 0.24 8.36 
Cu/FCS-Bi2O3 AS6-2 6 0.14 1.71 0.082 1.41 34.56 10.33 24.58 0.24 8.86 
Bi-Cu/FCS AM6-3 6 0.15 2.23 0.067 1.45 35.73 10.32 24.69 0.19 8.69 
Cu/FCS-Bi2O3 AS8-1 8 0.1 1.81 0.055 1.38 37.00 10.70 26.90 0.35 - 
Bi-Cu/FCS AM8-1 8 0.09 1.81 0.050 1.40 37.10 10.20 26.50 0.30 - 
Cu/FCS-Bi2O3 BS4-1 4 0.05 0.6 0.083 0.62 18.30 4.67 29.40 30.50 - 
Bi-Cu/FCS BM4-1 4 0.06 2.08 0.029 0.61 16.91 3.54 27.52 27.00 8.80 
Cu/FCS-Bi2O3 BS6-1 6 0.03 0.62 0.048 0.61 18.50 3.90 30.10 31.00 - 
Bi-Cu/FCS BM6-1 6 0.06 2.13 0.028 0.62 17.06 3.56 27.67 27.77 9.19 
Cu/FCS-Bi2O3 BS8-1 8 0.04 1.31 0.031 0.64 17.16 3.67 26.72 27.53 9.44 
Bi-Cu/FCS BM8-1 8 0.03 0.8 0.038 0.63 18.60 3.43 29.70 30.70 - 
Cu/FCS-Bi2O3 CS4-1 4 0.1 1.31 0.076 0.64 22.61 6.67 35.43 9.23 - 
Bi-Cu/FCS CM4-1 4 0.11 3.44 0.032 0.66 23.81 5.98 36.09 9.52 - 
Cu/FCS-Bi2O3 CS6-1 6 0.1 1.73 0.058 0.66 23.23 7.17 35.38 9.12 - 
Bi-Cu/FCS CM6-1 6 0.11 3.51 0.031 0.64 23.58 6.19 36.74 9.71 - 
Cu/FCS-Bi2O3 CS8-1 8 0.09 1.54 0.058 0.64 22.50 6.16 35.30 9.10 - 
Bi-Cu/FCS CM8-1 8 0.12 3.39 0.035 0.64 23.19 6.44 36.29 9.65 - 
Cu/FCS-Bi2O3 CS8-2 8 0.2 1.33 0.150 0.67 22.97 6.89 34.42 8.73 - 
Cu/FCS-Bi2O3 DS4-1 4 0.35 2.12 0.165 1.67 36.41 4.72 21.81 9.97 - 
Bi-Cu/FCS DM4-1 4 0.13 3.81 0.034 1.64 34.54 4.09 21.11 9.59 - 
Cu/FCS-Bi2O3 DS6-1 6 0.29 1.33 0.218 1.71 36.86 4.43 21.61 10.05 - 
Bi-Cu/FCS DM6-1 6 0.13 3.15 0.041 1.65 36.82 4.32 22.26 10.15 - 
Cu/FCS-Bi2O3 DS8-1 8 0.26 1.31 0.198 1.63 36.32 4.55 22.23 10.03 - 
Bi-Cu/FCS DM8-1 8 0.09 3.15 0.029 1.58 35.60 4.20 22.48 10.27 - 
Cu/FCS-Bi2O3 ES8-1 8 0.12 1.37 0.088 0.91 27.17 7.30 29.95 9.64 7.77 
Bi-Cu/FCS EM8-1 8 0.16 3.12 0.051 0.97 27.68 6.52 28.40 9.73 7.78 
Cu/FCS-Bi2O3 FS8-1 8 0.17 1.29 0.131 1.03 29.68 8.65 28.86 5.42 7.35 
Bi-Cu/FCS FM8-1 8 0.21 3.09 0.069 1.01 28.65 7.63 28.48 5.33 7.08 
Cu/FCS-Bi2O3 FS8-2 8 0.10 1.60 0.062 1.09 31.07 8.53 28.57 5.51 7.34 
Bi-Cu/FCS FM8-2 8 0.17 2.79 0.061 1.04 31.89 8.46 30.53 5.86 7.43 
Cu/FCS-Bi2O3 F2S8-1 8 0.16 1.81 0.086 1.02 30.18 9.82 29.68 5.35 7.23 
Bi-Cu/FCS F2M8-1 8 0.23 2.91 0.078 1.03 29.95 9.54 29.11 5.28 7.08 
Cu/FCS-Bi2O3 FS16-1 16 0.08 1.14 0.067 1.05 30.27 7.21 28.94 5.66 7.92 
Bi-Cu/FCS FM16-1 16 0.16 2.70 0.058 1.04 29.91 6.65 28.79 5.46 7.51 
Cu/FCS-Bi2O3 FS16-2 16 0.09 1.17 0.078 1.10 31.11 9.89 28.25 5.44 7.20 
Bi-Cu/FCS FM16-2 16 0.19 2.91 0.066 1.08 31.62 9.67 29.27 5.47 7.33 
Cu/FCS-Bi2O3 F2S16-1 16 0.12 1.60 0.072 1.08 31.69 9.27 29.28 5.53 8.02 
Bi-Cu/FCS F2M16-1 16 0.17 2.92 0.057 1.09 31.18 8.24 28.56 5.42 7.80 
 - 167 - 
  Exp. 
Time 
(hrs) 
(wt% 
Bi) 
[wt% 
Bi] LBis/m Fe/SiO2 
wt% 
Fe 
wt% 
Cu 
wt% 
SiO2 
wt% 
CaO 
wt% 
MgO 
Cu/FCS-Bi2O3 F2S12-1 12 0.13 1.60 0.080 1.06 31.02 10.07 29.36 5.49 7.41 
Bi-Cu/FCS F2M12-1 12 0.21 2.98 0.072 1.04 30.06 9.38 29.03 5.33 7.12 
Cu/FCS-Bi2O3 F2S12-2 12 0.14 1.50 0.093 1.05 29.80 9.60 28.35 5.26 7.09 
Bi-Cu/FCS F2M12-2 12 0.21 2.98 0.071 1.01 30.05 9.28 29.76 5.40 7.29 
Cu/FCS-Bi2O3 F2S12-3 12 0.11 1.62 0.068 1.08 31.13 8.32 28.90 5.40 7.77 
Bi-Cu/FCS F2M12-3 12 0.24 3.04 0.078 1.03 30.56 9.04 29.66 5.43 7.24 
Cu/FCS-Bi2O3 GS8-1 8 0.06 1.41 0.044 0.85 22.89 3.62 26.94 23.46 5.95 
Bi-Cu/FCS GM8-1 8 0.16 2.94 0.053 0.83 22.38 3.52 27.04 23.65 5.87 
Cu/FCS-Bi2O3 HS8-1 8 0.07 1.39 0.051 0.97 23.44 3.26 24.18 26.54 3.74 
Bi-Cu/FCS HM8-1 8 0.07 3.09 0.024 0.93 23.05 3.48 24.81 27.66 3.90 
Cu/FCS-Bi2O3 H2S8-1 8 0.04 1.98 0.020 0.99 23.81 3.51 24.16 28.03 4.33 
Bi-Cu/FCS H2M8-1 8 0.05 3.55 0.014 0.98 24.59 3.41 25.11 28.51 4.35 
Cu/FCS-Bi2O3 H2S8-2 8 0.04 1.58 0.025 0.97 23.67 3.43 24.38 28.03 4.31 
Bi-Cu/FCS H2M8-2 8 0.08 3.66 0.022 1.00 25.15 3.47 25.24 28.92 4.42 
Cu/FCS-Bi2O3 HS12-1 12 0.06 1.85 0.032 0.99 24.17 3.56 24.49 28.13 4.07 
Bi-Cu/FCS HM12-1 12 0.07 3.41 0.021 0.99 24.52 3.65 24.81 28.63 4.15 
Cu/FCS-Bi2O3 H2S12-1 12 0.04 1.85 0.022 0.93 23.33 3.70 25.12 28.27 4.34 
Bi-Cu/FCS H2M12-1 12 0.07 3.79 0.018 0.90 23.32 3.50 25.82 28.64 4.29 
Cu/FCS-Bi2O3 H2S12-2 12 0.05 1.62 0.031 0.98 24.67 3.42 25.06 27.82 4.38 
Bi-Cu/FCS H2M12-2 12 0.07 3.74 0.019 0.93 23.10 3.47 24.93 28.08 4.50 
Cu/FCS-Bi2O3 HS16-1 16 0.05 1.84 0.027 0.96 23.29 3.68 24.37 27.74 4.24 
Bi-Cu/FCS HM16-1 16 0.09 3.93 0.023 0.92 23.14 3.64 25.13 28.72 4.13 
Cu/FCS-Bi2O3 HS16-2 16 0.05 1.99 0.025 0.96 23.87 3.46 24.99 28.10 4.30 
Bi-Cu/FCS HM16-2 16 0.06 3.21 0.019 0.95 23.26 3.43 24.55 27.79 4.19 
Cu/FCS-Bi2O3 H2S16-1 16 0.05 1.93 0.026 0.95 22.84 3.33 24.04 26.46 4.23 
Bi-Cu/FCS H2M16-1 16 0.05 3.20 0.016 0.91 23.06 3.45 25.35 28.37 4.66 
Bi-Cu/FCS E1 4 0.050 2.36 0.021 1.21 23.47 5.08 19.39 24.40 7.28 
Bi-Cu/FCS E2 6 0.040 2.14 0.019 1.25 25.01 4.33 19.94 25.99 7.83 
Bi-Cu/FCS E3 8 0.080 2.67 0.030 1.25 23.67 4.98 18.93 24.75 7.60 
Cu/FCS-
Bi2O3 E13 4 0.054 1.69 0.032 1.30 25.05 5.98 19.22 25.49 7.91 
Cu/FCS-
Bi2O3 E14 6 0.039 1.71 0.023 1.29 25.20 4.99 19.57 26.08 8.29 
Cu/FCS-
Bi2O3 E15 8 0.031 2.12 0.015 1.22 25.16 4.50 20.61 26.15 8.57 
Bi-Cu/FCS E7 4 0.067 2.42 0.028 1.27 28.41 4.96 22.34 14.08 9.95 
Bi-Cu/FCS E8 6 0.067 2.41 0.028 1.20 28.63 5.29 23.87 14.46 10.32 
Bi-Cu/FCS E9 8 0.052 2.49 0.021 1.22 29.12 4.97 23.95 14.10 10.27 
Cu/FCS-Bi2O3 E10 4 0.054 1.58 0.034 1.20 28.65 6.04 23.85 13.82 10.36 
Cu/FCS-Bi2O3 E11 6 0.056 1.65 0.034 1.19 28.10 5.51 23.65 13.37 10.09 
Cu/FCS-Bi2O3 E12 8 0.048 1.66 0.029 1.27 28.53 5.84 22.44 13.59 10.27 
Cu/FCS-Bi2O3 E28 8 0.35 1.68 0.208 1.40 29.70 4.30 21.17 16.83 - 
Bi-Cu/FCS E29 8 0.06 1.61 0.037 1.38 30.11 2.73 21.86 17.36 - 
Cu/FCS-Bi2O3 E30 6 0.38 1.48 0.257 1.42 30.53 3.57 21.52 17.23 - 
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  Exp. 
Time 
(hrs) 
(wt% 
Bi) 
[wt% 
Bi] LBis/m Fe/SiO2 
wt% 
Fe 
wt% 
Cu 
wt% 
SiO2 
wt% 
CaO 
wt% 
MgO 
Bi-Cu/FCS E31 6 0.06 2.29 0.026 1.41 30.09 2.94 21.40 17.43 - 
Cu/FCS-Bi2O3 E47 8 0.19 1.87 0.102 1.41 29.34 3.44 20.88 16.16 - 
Cu/FCS-Bi2O3 E48 6 0.25 1.78 0.140 1.40 28.63 3.28 20.45 15.57 - 
Cu/FCS-Bi2O3 E49 8 0.34 1.72 0.195 1.35 27.69 4.07 20.57 15.86 - 
Cu/FCS-Bi2O3 E50 6 0.37 0.89 0.420 1.39 28.79 3.56 20.70 16.12 - 
Cu/FCS-Bi2O3 E33 8 0.09 1.71 0.053 0.45 17.08 5.99 37.72 15.71 - 
Cu/FCS-Bi2O3 E34 8 0.11 1.68 0.065 0.45 17.31 6.03 38.19 15.60 - 
Bi-Cu/FCS E35 8 0.14 2.01 0.070 0.45 17.53 5.50 38.87 15.76 - 
Bi-Cu/FCS E36 8 0.09 1.99 0.045 0.46 17.97 4.53 38.74 15.99 - 
Bi-Cu/FCS E39 8 0.03 2.28 0.013 0.64 20.79 4.29 32.62 15.64 11.61 
Cu/FCS-Bi2O3 E40 8 0.05 1.82 0.027 0.65 20.26 5.36 31.13 14.93 10.71 
Bi-Cu/FCS E41 8 0.03 2.32 0.013 0.87 23.08 3.85 26.40 16.42 10.08 
Cu/FCS-Bi2O3 E42 8 0.03 1.34 0.022 0.85 23.45 4.54 27.56 17.33 10.73 
Bi-Cu/FCS E43 8 0.04 2.44 0.016 0.77 21.90 4.61 28.36 15.32 10.08 
Cu/FCS-Bi2O3 E44 8 0.03 1.49 0.020 0.77 22.53 5.07 29.44 17.03 10.51 
Bi-Cu/FCS E45 8 0.08 3.48 0.023 0.87 23.51 4.06 27.01 18.25 10.79 
Cu/FCS-Bi2O3 E46 8 0.02 1.57 0.013 1.05 26.01 3.42 24.70 16.49 10.40 
Bi-Cu/FCS E51 16 0.07 3.25 0.020 1.33 29.17 2.87 21.99 17.84 11.49 
Cu/FSC-Bi2O3 E52 16 0.12 1.86 0.065 1.63 32.39 2.88 19.90 15.92 7.85 
Cu/FCS-Bi2O3 E54 8 0.13 1.40 0.093 0.76 22.28 5.38 29.27 17.38 9.09 
Cu/FCS-Bi2O3 E55 8 0.15 1.42 0.106 0.80 23.29 5.06 29.07 17.07 8.99 
Bi-Cu/FCS E56 8 0.08 2.94 0.027 0.74 22.68 5.11 30.57 17.98 9.30 
Bi-Cu/FCS E57 8 0.12 3.00 0.040 0.77 22.96 5.28 29.91 17.51 9.14 
            
            
System Experiment 
Time 
(hrs) (wt% Bi) [wt% Bi] LBis/m 
wt% 
Fe 
wt% 
Cu  
wt% 
SiO2 
wt% 
CaO 
  Bi-Cu/Calcium 
ferrite DM02-A 4 0.26 1.52 0.17 - 15.10 - - 
  Bi-Cu/Calcium 
ferrite DM02-B 6 0.27 1.34 0.20 40.50 14.80 - 18.50 
  Bi-Cu/Calcium 
ferrite DM02-C 6 0.25 1.27 0.20 - 17.40 - - 
   
 
 
 
 
 
 
 
 
 
 - 169 - 
LIST OF AMENDMENTS 
1. Change made. Sentence updated to include “molten slag” instead of “molten waste slag”. 
2. Change made. Reference added. 
3. Change made. Sentence updated to reflect that either furnace could continue to run whilst 
the other is shut down for maintenance. 
4. Change not made. A reference has already been made with regards to modern copper 
production, which outlines that roasting and smelting being carried out in the same 
furnace. 
5. Change not made. The font style is not deemed important. 
6. Change made. Sentence updated to read “...converting slag into the matte...”. 
7. Change made. Sentence updated to read “...isotherms ‘icmk’...”. 
8. Change made. Sentence re-formatted to ensure that the number “10” and the superscript   
“-6” are kept together in the same line. 
9. Change not made. The author cannot find the supposed mistake. 
10. Change made. Sentence updated to include “reasonably limited” instead of “very 
limited”. 
11. Change made. Sentence updated to include “less negative” instead of “more negative”. 
12. Change made. Inappropriate comma removed. 
13. Change made. The power of the oxygen partial pressure changed to “0.75”. 
14. Change made. Reference added. 
15. Change made. Added sentence to outline the argument used to define the acid-base nature 
based on the activity coefficient behaviour.  
16. Change made. Caption updated to reflect the correct set temperature of 1342 °C. 
17. Change made. Inappropriate comma removed. 
18. Change made. Sentence updated to reflect that the sample is cooled to 1000 °C in a few 
minutes. 
19. Change not made. We have been advised by the analyst that ICP-AES was the best 
method and most accurate for the samples of this experiment. 
20. Error bars are 2 standard deviations. Comment noted and it is agreed that the validation 
experiment is borderline with previously reported data. 
21. Change not made. The author preferred to elaborate the equation term. 
22. Change made. A paragraph is added to explain that pre-saturation of the crucibles was 
considered however could not be practically done due to cracking. 
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23. Change made. The number of significant figures has been amended to ensure that they 
are consistent. 
24. Change made. Sentence amended to include reference to two outliers rather than one. 
25. Change not made. Comment noted. It is possible to draw iso-distribution lines in a more 
elegant fashion, however no improvement to iso-distribution lines would result.  
26. Change made. Caption updated to clearly state that the copper content of the slag is in 
wt%. 
27. Change made. Equation was missing due to an error and the error has been fixed. 
28. Change made. Equation 5.8.3 updated to emphasise that the term wt% Cu refers to the 
weight content of copper in the slag phase. 
29. Change made. Sentence updated to outline that the iso-γSnO lines are independent of 
Fe/SiO2 content. 
30. Change made. Two paragraphs are added to present another supportive argument that 
BiO1.5 is a neutral oxide. 
 
 
 
 
 
